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VOLUME V
STRUCTURAL STEEL DESIGN

INTRODUCTION

5-1 Purpose

The purpose of this six volume manual 12 to present methods nf dexign for pro-
tect{ve construction used in facilities for development, testing, production,
maintenance, modification, ILnspectinn, disposal and atorage of explosive

materfals.
5-2 Objectives

The primary objectives are to establlsh design procedurea and conatruction
techniques whereby propagation of explosion (from one bullding or part of a
building to another) or mass detonation can be prevented and protectinn fot
peraonnel and valuable eqiipment will be prnvided.

The =secondary objectives are:

(1) Establl=h the blast load parameters requirad for design of
protective structuras;

(2) Provide methods for calculating the dynamic response of struc-
tural elementa i{ncluding reinforced concrete, structural ateel,
ete.;

(3) Establish construction detaila and procedurez necessary to
afford the required strength to resiat the applied blast loada;

(4) Establiah guidellnes for siting explosive facilities to obtain
maximum coat effectivenesa [n both the planning and atructural
arrangements; providing closures, and preventing damage to in-
terior portions of 2tructures due to structural motion, shock,
and fragment perforation,

5-3 Background

For the firat 60 years of the 20th Century criteria and methods based upon the
reaglta of catastrophic eventa have been used for the de=ign of explosive
facilities. The criteria and methods did not include a detailed or reliable
quantitative basis for assesaing the degree of protection afforded by the pro-
tective facility. 1In the late 1960's quantitative procedures were set forth
in the first edltion of the present manual, "Structures to Resist the Efiects
of{ Accidental Explosiona"., Tnis manual was based on extensive research and
development programs which permitted a more reliable approach to deaign re-
quirements, Since the original publlication of this manual, more extensive
teating and development programs have taken place., This additional research
was directed primarily towards material<s other than reinforced concrete which
was the principal construction material referenced in the initial ver=ion of
the manual.
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Modern methods for the manufacture and =storage of explos{ve materials, which
include many exotic chemicals, fuels, propellants, etc., required less sapace
for a glven quantity of explosive material than was previously needed. Such
concentration of explosives increase the possibility of the propagation of
accidental explosions (one accidental explosion causing the detonation of
other explosive materialas). It [ls evident that a requirement for more accu-
rate de:ign techniques has become essential. This manual describes ratlinnal
design methods to provide the required =tructural protection.

These design methods account for the close-in effects of a detonation {nclud-
ing associated high pressurea and nonuniformity of the blast loaaing on pro-
tective structures or barriers as well as intermediate and far-range effects
which are encountered In the design of structures which are positioned away
from the explosion. The dynamic response of structures, constructed of var-
fous materials, or combination of materials, can be calculated, and details
have been developed to provide the properties necessary to supply the required
atrength and ductl{lity specified by the design. Deveitopment of these proce-
dureas has been directed primarily towards analyses of protective atructures
subjected to the effects of high explosive detonation. However, this approach
fa general and is applicable to the de=sign of other expln<1ve environments as
well as other explosive materials as numerated above.

The de=lgn techniquea =et forth in this manual are bascd upon the results of
numerous {ull- and small-scale structural response and exploaive effects Lescs
of varlous materials conducted in conjunction with the development of this
manual and/or related projects.

5-4 Scope of Manual

Thi= manual {2 limited only by variety and range of the assumed design =itua-
tion. An effort has been made to cover the more probable mituationa. How-
ever, sufficient general informatlon on protective design techniques has been
ifrcluded in order that application of the basic theory can be made to ={itua-
tions other than those which were fully conasidered.

This manual is generally applicable to the design of protective satructures
subjected to the effects assoclated with high explosive detonations. For
these design situations, this manual will generally apply for explosive quan-
tities leas than 25,000 pounda for close-in effects. However, this manual (=
also applicable to other =situations such as far or intermediate range effects.
For these latter cases the design procedures as presented are applicable for
explosive quantities up to 500,000 pounds.

Because the tests conducted so far {n connection with this manual have been
directed primarily towards the response of structwal steel and reinforced
concrete elementa to blast overpressures, this manual concentrates on design
procedures and techniques for these materfals. However, this does not imply
that concrete and steel are the only usef 1l materiales . ,or protectivs construc-~
tion. Teats to eat:bdlish the response of wood, brick dblocks, plaatics, etc.
as well as the blast attenuating and masa effects of soil are contemplated.
The results of these tests may require, at a later date, the supplementat{on
of these de=ign methods for these and other materials.

Other manuals are available which enable one to design protective structures
agalnst the effects of high explosive or nuclear detorations. The procedures

-2 -
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in these manuals will qulte often complement this manual and =should be con-
eulted for apecific applications.

Computer programs, which are consistent with the procedures and techniquex
contained In the manual, have been approved by the appropriate representative
of the U.S. Army, the U.S. Navy, the U.S. Alr Force and the Department of
Defenze Exploaive Safety Board (DDESB). These programs are availan.e tarough
the fullowing repositoriea:

1l 5 Department of the Army

Commander and Director

U.S. Army Engincer

Waterwaya Experiment Station
pPost Office Box 63i

Vicksburg, Mis=issippl 39180

Attn: WESKA

s Department of the Navy

officer-in~-Charge

Civil Engineering Laboratory

Naval Battalion Construction Center
. Port Hueneme, California 93043

Attn: Code LS

S Department of the Air Force

Aecospace Structures

Information and Analysis Center

Wright Paterson Alr Force Base

Ohio 45433 :

Attn: AFFDL/FBR

Limited number of coples of the above program are avallable from 2ach repos-
Ltory upon request. The individual programs are ldentical at each repository.
If any modificatinns and/or additions to these programs are required, they
will be =ubmitted by the organization for raview by DDESB and the above ser-
vices, Upon concurrence of the revisions, the nece=sary changes will be made
and notification of these changes will te made by the individual repositories.

5-5 Format of Manual

Thia manual entitled, "Structures to Resist the ffects of Accidental Explo-
alons,"” [= subdivided into =ix specific volumes dealing with various aspacts
of design. The titles of these volumes are as follows:

Ve me I - Introduction
Volume II - Blast, Fragment-and Shock Loacs
Volume TIII - Principles of Dynamic Analysis
Volume Iv - QReinforced Concrete Design
Volume v - Structural Steel Deaign
‘ Volume VI - Special Considerations i{n Explosive Facillity Design

.




Appendix A pertinent to a particular volume and containing illustrative ex-
amples of the explosive effects and structural response problems appear at the
end of each volume.

Commonly accepted symbols have been used a3 much as possible. However, pro-
tective design involves many different scientific and engineering fields, and,
therefore, no attempt has been made to standardize completely all the symbols
used. Each symbol has been defined where it !s first introduced, and a list
of the symbols, with their deflnitions and units, s contained in Appendix B
of each volume.

VOLUME CONTENTS

5-6 General

This volume containa procedures and guidelines for the design of blast-
resistant steel structures and steel elements. Light construction, steel
framed acceptor structures provide an adequate form Of protection in a
pressure range of 10 psi or less. However, if fragments are present,
light-gage nonatruction may only be partlally approprlate. Use of structural
steel frames [n combination W#ith precast concrete roof and wall panels (Volume
VI) will provide a measure of fragmeni protection at lower pressure ranges.
Containment structures, or steel elements of containment structures, such as
blast doora, vent{latinn closures, fragments shields, etc. can be designed for
almost any pressure range. This volume covers detailed procedures and design
techniques (or the blast-resistant deslgn of =3teel elements ana structures
sJubjected to short-duration, high—intensity blast loading. Provisions for
inelastic, blast-resiostant design will be consistent with conventlional statie
plastic design procedures. Steel elements such as beams, beam columns, open-
web jolats, plates and cold-formed steel panels are consldered. In addition,
the design of steel structures such as rigid frames, and braced frames are
presented as they relate to blast-resistant design. Special ~onsiderations
for blast doours, penetration of fragments into steel and unsymmetrical bending
are also presented.

STEEL STRUCTURES IN PROTECTIVE DESIGN

57 Differences Between Steel Structures and Concrete Structures in
Protective Design.

Qualitative differences between sateel and concrete protective structures are
summarized briefly below:

(1) In nlowe-ia high-impulse design situtatinns where a containment
stractu~2 {8 utilized, a masaive reinfor2ed noncrete structure,
rather than a steel structure, is generally employ-. [n order
to 1limit deflections and to offer protection against the
effects of primary and =secondary fragmenta. However, eiements
of montajnment structures such as blast doors, ventilation
closures, etc., are generally designed using structural

steel. Fragment protection is wusually accomplished by
inoreasing the element thickneas to reslst fragment penetration
or by providing supplementary fragment protection. In some




OO (a8 73 T
‘ CEUBMTY CL ASSIFICATION OF THIS PAGE (When Data Entered) )

cases, structural steel can be wused in the dezxign «f
contajinment cells. However, explosive chdarge welghts are
generally low; thereby preventing brittle modes of failure
(Section 5-18.3) due to high pressure {ntensity.

(2) Structural steel shapes are conzxiderably more slender, both in
terme of the overall satructure and the components of a typical
member cross-sectlon. As a result, the effect of overall and
local inatability upon the ultimate capacity [a an important
consideratinn in steel design. Moreover, in most casex, plate
slement: and satructures will sustain 1large deformations I[n
comparison to those of more rigid concrete elements.

(3) The amount of rebound Iin concrete =atructures {a considerably
reduced by internal damping (crackiag) and [= essentially
eliminated [n cases where large deformations or Incipient
failure are permitted to occur. In atructural steel, however,
a larger response in rebound, up to 100 percent, can be ob-
tained for a combinatlon of short duratlon locad and a rela-
tively flerible element. A= a result, steel s2tructures require
that apecial provisions be made to account for extreme re-
sponz=es of comparabdle magnitude in both directiona.

. (4) The treatment of stress lateraction is more of a consideration

in ateel shapes since each element of the cross-section must be

consldered subject to a state of combined atreases. In rein-

& forced concrete, the provisiou of =separate =steel reinforcement

for flexure, shear and torsion enables the designer to conaider

these stresses as being carried by more or less independent
systems.

(5) Special care must be taken {n ateel design to provide for con-
nection integrity up to the point of maximum response. For
example, in order to avoid premature brittle fracture in welded
connections, the welding characteristics of the particular
grade of steel must be conaidered and the introduction of any
atress noncentrations at joints and notchea in main elements
must be avoided.

(6) If fragments are {nvolved, special care must bde given to
brittle modes of failure as they affect construction methods.
For example, fragment penetration depth may govern the
thickness of a =teel plate.

5-8 Economy of De=ign of Protective Structures in the Inelastic Range.

The economy of facility deaign generally requires that blast-resistant struc-

tures be deslgned to perform in the {1elastic response range during an acci-

dent. In order .., insure the struclure's integrity throughout =such severe
conditions, the facillty gesigner must be cognizant of the various »>ossible

° fallwe modes and their inter-relationshipsz. The limiting design vaiues are
dictated by the attainment of inelastic deflectinns and rotations without com-

plete collapse. The amount of inelaatic deformation is dependent not only

. . upon the ductllity characteristics of the material, but al=o upon the intended
use of the structure following' an accident aa well as the protection
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required. In order for the structure to maintain such large deformations,
steps must be taken to prevent premature failwe by either brittle fracture or
instability (local or overall). Guidelinea and criteria for dealing with
these effects are prenented {n the body of this volume.

5-9 Applications of Steel Elements and Structures In Protective Design.

The design procedues and applications of this volume are directed toward
ateel acceptor- and donor-type structurea.

Acceptor-type structures are removed from the immediate vicinity of the deto-
nation. These {nclude typical frame structures with beams, columns and beam-
columns composed of standard structural shapes and built-up sectiona. In many
cases, the relatively low blast preasures suggest the use of standard building
components such as open-web joists, prefabricated wall panels and roof decking
detaliled as required to carry the full magnitude of the dynamnic 1loads.
Another economical application ran be the use of entire pre-engineered build-
ings, strengthened locally, to adapt their designs to low blast pressures (up
to 2 pai) with short duration. For guidelines on the blast evyaluation of pre-
engineered bufldings, see "Special Provisions for Pre-engineered Buildings",
Volume VI.

Donor-type satructures, which are located iIn the immediate vizcinity of the
detonation may (nclude steel contaimmernt cells or steel components of rein-
forced conorete containment structures such as blast doors or ventilation and
electrical closure plates. In some cases, the use of suppressive shielding to ‘
control or conflne the hazardous blast, fragment and flame effects of o ‘
detonations may be an exonomically feasible alternative. A brief review of /
suppressive shield design and criterta is outlined in Section 6-23 to 6-26 aof
Volume VI. The high blast pressures encountered in these struct:res suggest
the wuse of large plates or built-up =sections with relatively high

resistaices. In some [nstances, [(ragment impact or pressure leakage L=
permitted.
5-10 Application of Dynamic Analysis.

The first step in a dynamic design entails the development of a trial design
considering facility requirements, available materials and economy with mem-
bers aized by a simple preliminary procedure. The next step involves the per-
formanne of a dynamic analysis to determine the response of the trial design
to the blast and the comparlson of the maximum response with the deformation
llmits specified {2 this volume. The final design i3 then uetermined by
acnieviig an economical balance between stiffness and resiatance such that the
Cdlzulated response under the blast loading lles within the limiting values
dinstated by the Operational requirements of the facility.

The dynami~ reaponse cal>ulation i{nvolves either a saingle-degree-of-freedom
analyais using the response charta in Volume [II, or, in more complex struc-
tures, a multi-degree-of-freedom analysis wusing avalilable dynamic elasto- =
plastic frame programs.

A singi=~degree-of-freedom analysis may be performed for the design analysis
of either a given structural element or of an element for which a preliminary
design has been performed according to procedures given 1n this volume. Since .
thia type of dynamic analysis (s described fully with accompanying charts and
tables {n Volume III, it will not be dupllcated herein. In principle, the ‘
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structure or structural element {s characterized by an jfdealized, bilinear,
elasto-plastic resistaince fuiction and the loading is treated as an [deallzad
triangular (or bi-linear) pulse with zero rise time (Volume I[I). Response
charta are preseanted in Volume [II Jor determining the ratio of the maximum
responae to the elastin reaponae and the time to reach maximum rezponse for
the {nittal respcnse. The equations presented for the dynamic reactions are
also applicable to this volume.

Multi-degree-of-freedom non-linear dynamic analyses of braced and wu:braced
rigid frames can be performed using programs available theough the repoai

torles llated i{n Section 5-4 and through the reports listed (a the biblio

graphy at the end of this volume.

PROPERTIES OF STRUCTURAL STEEL

5-11 General

Structural steel [s known to be a atrong and ductile building material. The
significant engineering propertles of steel are atrength expressed in terms of
yield stress and ultimate tensile satrength, ductility expressed la terms oOf
percent elongation at rupture, and rigidity expreased in terms of modulus of
elaatlnity. Thia sectlon covera the mechanjcal properties of structural steel
subjected to static loading and dynamic loading. Recommended dynamic deaign
stresses for bending and shear are then derived. Structural ateels that are
admisaiblie in plaatic design are llsted.

S5=-12 Mechanical Properties

5-12.1 Mechanical Properties Under Stati: Loading - Static Design Stresses

Structuwral steel generally can be considered as exhibiting a linear stress-
atrain relationship up to the proportional limit, which is either close ta, or
identf{cal to, the yield point. Beyond th2 yleld point, it can stretch sub-
atantfally «~ithout apprecziable lncrease {n stresa, the amount of elougation
reachiag 10 to 15 times that needed to reach yield, a range that (3 termed
"the yi=1ld plateau". Beyond that range, strain hardening occurs, {.e., addi-
tional elongatlion is assoclated with an increase in stress. After reaching a
maximum nominal stress called "the tensile strength", a drop in the nominal
atreas accompanies further elongation and precedea fracture at an elongation
(at rupture) amounting to 20 to 30 percent of the apecimen's ori{ginal length
(see flgure 5-1). It is this ability of structural steel to undergo stzable
permanent (plaatic) deformations before fracturing, {.e., its ductility, that
makes 3ateel a3 conatruction material with the required properties for blast-
resistant de=ign.

Some high strength structural steels do not exhibit a sharp, well defined
yteld plateau, but rather show continuous yielding with a curved stress-strain
relatinn. For those steeles {t {s generally accepted to deflne a quantity
analogous to the yfeld point, called "the yield streas”, aa that stress which
would produce a permanent strain of 0.2 percent or a total unit elongation of
0.4 to 0.5 percent. Although such steels usually have a higher yield stress
than those steels which exhibit definite ylield and tensile stresses, their
elongation at rupture [s generally smaller. Therefore, they shouald bhe used
with caution when large ductili{ties are a prerequisite of dezlign.

1)




Stress, f(psi)

tu
[ ASTM STRAIN RATE
————RAPID STRAIN RATE
0.070 <€, <0.23 in./in. APPROX,
.0l TO 0.02 in./in. APPROX.
STRAIN, €(in/in)
Figure 5-1 Typical stress-strain curves for steel
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Blaat-resistant deslgn {2 commonly associated with plast{2 deaign since pro-
tective structwes are generally desigied with the assumption that economy can
be achiaved when plastio deformations are permitted. The =teels to be used
should at leaaxt meet the requirementa of the American Inatitute of Steel
Conatruction (AISC) Specificatfon in regard to thelr adequany for plasti-
desaign.

Since the average yleld streas for structurial steels having a uapecified min-
imum yielu stress of 50 k3l or less [s generally higher than the specified
minimum, it {8 recommended that the miaimum Jdesizgn yleld stress, as specifled
by the AISC specification, be increased by 10 percent, that ls, the average
yield atress to be used in a blast resistant desigi, shall be 1.7 times the
mininum yield stress for these steels. Thia increase, which is referred to as
the iacrease factor (a), should not be applied to high strength steels sa{nce
the average lincrease may be lessa than 5 percent,

and the tensile stresz, [ (minimus) for struc-

£
tural steel shapes and plates which conform to the ASTM Specification, are
listed [n table S-1. All are admissable (n plaati2 deaign except for ASTM
AS51'Y4 which exhibits the amalleat reserve (i1 ductility since the minimum ten-
sile streas is only 10 percent higher than the mirnimum yield stress. However,
elastic dynamic design may require the use of this steel or its bolle~ plate
equivalent, ASTM:AS1T.

The minimun yleld stress, ry,

5-12.2 Mechanical Properties Under Dynamic Loading - Dynamic Increase
Factors

The effects of rapid loading on the mechani~al behavior of structural ateel

have been observed and measwred in uniaxial tensl(le stress tests. Under rap-

idly applied loads, the rate of straln increasea and this has a marked influ-
2nce on the mechanical properties of structural steel.

wider static loading as a basis, the
and can be

Considering the mechanical propertieaz
effects of {ncreasing atrain rates are tllustrat2d in figue 5-1

aummari zed as [ollows:

The yleld point increases substantially to the dyaamie yield
atress value. This effect (s termed the dwami: increase

factor for yleld atreas.

()

The modul as of elastiz2ity in ge:neral will remain {nsensjitive to
the rate of loading.

The ultimate tensile strength increasea slightly. However, the
percentage increase (s less than that for the yield stress,.
This effect {3 termed the dynamlc i{ncrease factor ‘for ultimate
stress.

The elongation at rupture elther remains unchanged or is
slightly reduced, due to {ncreased strain rate,

(4)

Ia actual members aubjected to blast loading, the dynamic eflects resulting
from the rapid strain ratea may be expresaed as a fuiction of the time to
reach ylelding. In this case, the mechanical behavior depends on both the
loading regime and the response of the system which determines the dynaaic
effect felt by the particular material.
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Table 5-1 Static Design Stresses for Materials
Material r’ min ru min
(ASTM) (kai) (kai)
" A36 36 58
AS529 42 60
ALY 40 60
42 53
46 67
50 70
AS572 42 60
50 65
60 75
65 80
A2U2 42 63
46 67
50 70
A538 42 63
"4 67
50 70
AS1Y4 90 100
100 110
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For members made of A36 and AS514 steels, studies have been made to determine
the percentage increase in the yield stress as a function of atraln rate. De-
algn curves for the dynamic increase factors (DIF) for yield stresses of A36
and A514 =tructural steel are [llustrated in figure 5-2. Even thnough ASTM
A514 {= not recommended for plastic de=izn, the curve in (lgure 5-2 may bhe
used for dynamic elastic de=ign.

The strain rate, asaumed to be a constant from zero atrain to ylielding, may be
determined according to equation S5-1:

f: - fds/EstE 5-1

where

£ = average atrain rate in the elastic range of
the steel (in/in/sec)

CE = time to yleld (=sec)

Fds = dynamic design stress (Sect. 5-13)

Dynamic increase factors for yield stresses in various preszure levels in the
bending, tenaion and compreasion modes are listed {n tadle 5-2. The valuen
for bending assume a sirain rate of 0.10 in/in/sec In the low design pressure
range and 0.30 In/in/se¢ in the high preasure dealgn range. For tenaion and
compre=s=lon members, the DIF values asaume the strain ratea are 0.02 in/in/sec
in the low design pressure range and 0.05 in/in/sec in the high deaign
pressure range. Lower =train rates are =selected for the tenalnn and
compression memdera aince they are likely to carry the reaction of a beam or
girder which may exhibit a =ignificant rise time, thereby lacreasing the time
to reach yield in the tension or compression mode.

On the basi=s of the above, the dynamic increase factors for yleld stre=sses are
aummarized in table 5-2 are recommended for use in dyramic design. However, a
more accurat2 representation may be derived using figure 5-2 once the atrain
rate has been determined.

teel protectlive structures and members are generally not designed for excea-
sive deflections, that la, deflections associated with elongations well into
the atrain-hardening region (see flgure S5-1). However, situations arise where
excessive deflections may be tolerated and will not lead to atructural €:llure
or ¢ollapse, In this case, the ultimate atresses and associated dynamin in-
crease factors for ultimate atresses must b2 considered. Table 5-3 liats che
dynamic increase factors [u.~ ultimate stresses of steela. 1Unlike the dynanic
increase factors for yield =u.ess, these values are Independent of the
pressure range=s.
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Table 5-2 Dynamic Increase Factor, ¢, for Yield
Stress of Structural Steels

Bending Tension or Compression
Soc it Low High Low High
Preasure Pressure Presaure Preasure
(& =~ 0.10 in/in/sec) { (¢ = 0.30) (¢ = 0.02) (é ~ .05)
A36 1.29 1.36 1.19 1.24
AS588 1.19% 1.24* 1.12% 1.15%
AS1Y 1.09 1.12 1.05 .0

*Eatimated

*Eatimated

Table 5-3 Dynamic Increase Factor, for Ultimate
Stress of Structural Steels

Material c
A36 1.10
A588 1.05%
AS14 1.00
5 . _ &
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5=13 Recommended Dynamic Design Stresses

5-13.1 General

The yield point of steel under unjiaxial tensile streas [s generally used as a
base to determine yield stresses uider other loading states namely, bending,
shear and compression or teinslon. The design stresses are also funections of
the average strengtn increase factor, a, and the dynamiz {ncrease factor, 2.

5-13.2 Dynamic Design Stress for Ductiliry Ratio y § 10

To determine the plastin strength of a sention under dynamic loadlng, the
appropriate dynamnic yield atress, fdy' must be used., For a ductility ratio
(see Sectlon 5-16.3) u § 10, the dynamin design stress, f,., 1 equal to the
dynamic yield stresa, rdy' In general terms, the dynamic yield streas, fdy'

shall be equal to the product of tne dynami2 inecrease factor, 7, the average
yleld atrength increase factor, a, (3ee Section 5-12.1) and the specified
minimum yield atress of the ateel. The dynanle design stress, rda' for
bending, tension and compreazisn =hall be:

s - " -7
rds rdy X a X fy 5-2

where
= dyanamic yi2ld strenn
3 = dyaaml > lacrease factor on the yield stress
(figue 5-2 or tabdble 5-2)

a = average strength inercasa factor
(= 1.1 for strelz with a apeciflied min{mum

yield atress of 50 kai or less; = 1.0 otherwise)

£ = stati? yield atress from table 5-1

7

«J

.

5-13.3 Dynamic Design Stress foc Ductility Ratio, y > 10

Where exsesaive deflections or ducrtllity ratine may be tolerated, the dynamic
design atraess man b2 {nor2ased to arnount for deformations {n the strain-
hardening region. Tt this eas2, for y > 10, the dynamic deaign satress, rds'
deocomes

)74 5-3
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where:

rdy = dynamic yield atre=s from equation 5-1

rdu - dynamic ultimate stresa equal to the product of

ru from table 5-1 and the value of ¢ from table 5-3

or flgure 5-2
It should be noted that the average strength increase flactor,
a, does not apply to rdu'
5-13.4 Dynamic Design Stress for Shear

The dynamic design stress in shear shall be:

(9]
]
=

Lay = 0-55 Tyq

where rds is from equation 5-2 or 5-3.

DYNAMIC RESPONSE OF STEEL STRUCTURES IN THE PLASTIC RANGE
5-14 Plastic Behavior of Steel Structures

Although plastic behavior is not generally permlasable under service loading
conditfons, it ias quite appropriate for design when the structure (s subjected
to a severe blast loading only once or at most a few time= during its exia-
tence. Under blast pressurea, it will usually be uneconomical to design a
atructure to remain elastic and, as a result, plaatic behavior 12 normally
anticipated {n order to utillize more fully the energy-absorbing capacity of
blaat-resistant structures, Plastic design for flexure {= Dbased on the
asaumption that the atructure or member resistance is fully developed with the
formation of near totally plastifled =ections at the most highly streased
locatlon=, For economical design, the atructure should be proportioned to
asaure [ts ductile behavior up to the limit of its load-carrying capacity.
The =atructure or structural element can attain {t= (ull plastic capaclity
provided that premature impairment of strength, due to secondary effect=2, 2auch
as brittle fracture or inatability, does not occur.

Structural resistance is determined on the basis of plastic deaign concepts,
taking into account dynamic yield strength valuea., The design proceeds with
the hasic objective that the computed deformations of either the individunl
members or the sltructure as a whole, due to the anticipated hlast 1loading,
should be limited to pre=zcribed maximum values consistent with 2afety and the
deajred post-accident conditlon,
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5-15 Relationahip Between Structure Function and Deformations
5-15.1 General .

Deformation criteria are specified in detail for two categories of structures,
namely, acceptor-type structures in the low pressure range, and structures {n R
the high pressure rauge which may either be acceptor- or donor-type. A
description of the two categories of structures follow.

5-15.2 Acceptor-type Structures in the Low Pressure Ranges.

The maximum deformatlons to be specified i{n this ca'.egory are consistent with
maintaining structural {ntegrity into the plastic rarnge while providing =safety
for personnel and equipment. The type of structure generally asaocfated with
tnis dexign category may be constructed of one or two storles with braced or
riglid frames. Main members, consisting of columns and main beams, should be
fab~icated from hot rolled steel, while secondary members, consisting of
purlins or girts, which spa:n the frame members can be hot-rolled I-shapes and
chanaels or cold-formed Z-shapes and channels. The structure skin shall
consiat of cold-formed siding and deckiag spaniiing between the wall girts or
ronf purlins,

5-15.3 Acceptor or Donor-type Structires in the High Pressire Range

The deformation coriteria specified {a this category cover the severe

conditions associated with structures located close-in to a blast. Ia ca=es =
where the design objective iz the containment of an explosion the deformations

should be limited. In other cases where prevention of explosion propagation

or of missle generation is required, the structure may be allowed to approach .
incipient fallure, and deformations well into the strain hardening region may

be permitted for energy absorption. In general, plate element= and curved

plate-type structires fall under these categories.

5-16 Deformation Criteria
5~16.1 General

The deformation criteria presented {n this volume will be consistent with
deaigning the structure for one accident. However, if it is desirable for a
structure to sustain two or three "incidents" in its lifetime, the designer
may limit de=ign deformations 2o that, in its poat-accident condition, the
structure (3 suitadble for repair and re-use.

The deformation criteria for beams (including purlins, spandrels and girts) {s=
presented [n Section 5-16.5. The criteria for frames, fncluding sidesaway, is
preseated in Section 5-16.6 and that for plates {= given in Section 5-16.7.
Special consideratinn {s given to the deformation criteria for open-web jnists
(Section 5-33) and oold-formed metal decking (Section 5-34). Deformation
2riteria are summarized i1 Seation 5-35.

5-16.2 Structural Response Quantities

In order to restrict damage to a structure or element which is subjected to -
the effects of accidental explosion, limiting values must be assigned to
ippropriate rezponse quantities., Generally speaking, two different types of
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values are specified, namely: limitas on the level of Inelastiz dynamic
reaponse and limits on the maximum deflections and rotaticns.

For elements which can be represented as =single-degree-of-freedom systema such
as beams, floor and wall panels, open-web joists, and plates, the appropriate
quantities are taken as the maximum ductility ratio and the maximum rotatinn
at an end support.

For sy3tems such as frame structures which can be represented by
multi-degree-of-freedom systems, the appropriate quantities are taken an the
sidesway deflection and individual frame member rotatinns.

5-16. 3 Ductility Ratio,

Followlng the development {n Volume2 II[ of this Manual, the ductllivy ratio,
u, is defined as the ratio of the maximum deflection (xm) to the equivalent

elastic deflection (XE) corresponding to the developmant of the limiting
resistarice on the bilinear resistarine diagram for the element. Thus, a
duntility ratin of 3 correaponds to a maximum dynamic response three times the
equivalent elastic response.

I1 the case of individual beam elements, ductility ratios as high as 20 can be
achieved provided that suffizient braning exista. Sabsequent sections of thls
vylune cover bracing requirements for beam elements, In the case of plate
elementa, ductility ratios are important insamuch as the higher ductility
ratios permit the use of higher deslgn streases.

Support rotatfons, as discussed in the aext paragraph, provide the basis for
beam and plate design. For a beam element, the ductlility ratlo must be
checked to determine whether the specified rotation can be reached <Jithout
premature buckling of the member. A similar provision shall apply to plates
aven though they may undergo larger ductllity ratios (n the abseince of
premature buckling.

5-16.4 Support Rotation, g

The ead roctat{on, 6, and the assocliated maximum deflectlon, Xm, for a beam

are [llustrated [n figure S5-3. As ahown, B8 is the angle between the chord
joining the supports and the poiat on the element where the deflection is a
aax!aum.

5-16.5 Limiting Deformations for Beams

A steel beam element may be designed to attain large deflectlions correspondiig
to 12 degrees support rotation. To assure the integrity of the beam element,
it must be adequately braced to permit this high level of ductile behavior.
In no case, however, shall the duztility ratlo exceed 20.

A limiting support rotation of 2 degrees, as well as a limitinag ductllity
ratio of 10 (whichever governs) are specified as reasonable estimates of the
absolute magnitude of the beam deformation where safety for personnel and
equipment is required. These deformations are consistent with maintafning
structural 1ntegrity into the plastic range. Adequate bracing shall be
present to assure the corresponding level of ductile behavior.
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The interrelatf{onship between the various parameters [nvolved [n the des={za of
beams i3 readily described in the idealized resistance-deflection curve shown
in figure 5-4. In that figure, the values shown for the ductility ratio, u,

= and the =upport rotation 8, are arbitrary. For example, the deflection
corresponding to a 2-degree support rotation can be greater than that
corresponding Lo a ductility ratio of 10.

5-16.6 Application of Deformation Criteria to a Prame Structure

In the detailed analysis of a frame structure, representation of the response
by a single quantity (s not pos=sible. This fact combdined with the wide range
and time-~varying nature of the end conditions of the individual frame members
makes the concept of ductility rat{o [ntractable. Hence, for this case, the
response quantities referred to in the criter{a are the sidesway deflection of
each story and the end rotation, 8, of the jandividual members with relerence
to a chord joining the member ends, as {llustrated {n fligure 5-3. G
addition, in lieu of a ductility ratio criterion, the amount of (nelastic
deformation is restricted by means of a limitatict on the {ndividual member
rotation. For membera which are not loaded between their ends, such as an
interior column, 0 is zero and only the alideaway c¢riteria must Dbe
considered. The max{mum member end rotation, A shown ia figure 5-3, shall be
2 degrees. The maximum =idesway deflection {2 limited to 1/25 of the story

hefght .

These response quantities, ={desway deflection and end rotatfon, are part of

the required output of various computer programs which perform an inelastie,
- multi-degree-of-freedom analysis of frame structuwres, These programs are
available through the repositories listed in Section 5-4 and several reports
listed in the bibliography at the ead of this volume. The designer can use
the output of these programs to check the sjidesway d<flection of each atory
and the maximum rotation of each member.

5-16.7 Limiting Deformations for Plates

Plates and plate-type structures cian undergo large deformations with regard to
support rotaticns and ductility ratios. The effect of overall and local
instability upon the ultimate capacity is considerably more {mportant to
atructural steel <shapes than to plates. Depending wupon the functicnal
requirements for a plate, the following deformation criteria should be
consldered in the de=ign of a plate:

(a) large deflections at or close to, {ncipient fFailure,.

(b) moderate deflections where the atructure {s deafgned to sustain
two or three "incident=s" before being non-reusable.

(2) limited deflections where performance of the atructwe {s
ceritical during the blast as [n the case of a blast door
designed to contalin pressure and/or [ire leakage.

(d) elastic deflections where the structure must Aaot sustain
permanent deflections, as in the case of an explosives test
chamber .
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This ls a partial list of design rmurnsiderations for plates. It can be agen
that the designer must establish deformation crite~ia bas=ed on the fuiction of
the plate or plate system.

A plate or plate-type structu~e may undergo a 3upport rotation, as [liustrated
in figure 3-22 of Volume [II of 12 degrees. The corresponding allowable -
ductility ratlo shall -0t exceed 20. It should be noted that higher design
stressex can be utilized when the ductllity ratio exceeds 10 (See Sec

BLow 5-13.3) .

A limiting support rotation of 2 degrees (s specified anz a reasonable estimate
of the absolute magnitude of the plate aupport rotation where safety f{or
personnel and equipment [a an accmptor-type structure s reqilred. 4s i1 the
deformation ¢riteria for beams, the ductility ratio shall not exceed 10.

Two edge oconditions may govern the deformation of plates (7 the plasti=
region. The first occurs whea npposite edges are not built-in. In this case,
elastin plate deflection theory and ylield-line theory apply. The sacond
involves tension—membrane action which occurs when at least two npposite edges
are clamped. In this case, tensile-membrane action can occur before the plate
element reaches a support rotation of 12 degrees. Tensile-mambrane action of
bailt-in plates {3 not covered (n this volume. However, Lhe denigier can
utilize yield-line theory for limited plate derllection problems.

The {nterrelationshlp between the various parameters involved In the design of
plates is readily described (a the ldeallzed resistanice-deflectinng curve shown
[n figure 5-5. In that figure, the values ahowia for the ductility ratio,

y,and the support rotation, 6, are arbitrary. For example, the deflection
correxponding to a 2-degree support rotation can be greater than that
correaxponding to a ductility ratlio of 10.

517 Rebound

Another aspect of dynamic design of steel structures subjected to blast load-
ings ix the vccurrence of rebound. Ualike the conditiona prevailing In rein-
forced concrete structures where rebound considerat{ons may not b2 of primary
Joncern, steel atructures will be subjected Lo relatively large stress rever-
fals zaused by redound and will require lateral bracing of uietayed nompres-
sion flanges which were formerly in tension. Rebound is more critical for
elenents supporting iizht dead loadz and subjected Lo blast pressuarex of short
duration. It i{s also a primary oouncern in the design of reversal bolts for
blasat acors.

5 = |(s) Secondary Modes of Failure

5-18.1 General

In rhe proceas of designing for the plasti~2 cr ductile mode of faflure, {t {=
Important to follow certairn provizions {n order to avoid prematue failure of
the structure, [.e., to lnsure that the satructure can develop its Cull plastie
resistance.
These zecondary modes of failure can be grouped in two main categoriex:

(1) Inatability modes of failure
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(2) Brittle modea of failure

5-18.2 Instability Modes of Failure

In this category, the problem of structural instabilily at two levels i3 of
cosicernl, namely, overall buckling of the structwral system as a whole, and
bunkl ing of the onmponent elements.

Overall buckling of framed structuresx can occuw (1 two esaentially different
manners. In the firat case, the load and the structure are symmetri2;

deformations remain also symmetrls up to a critical value of the load for

which a =sudden

change In

configuration will produce {nwtant anti-aymmetry,

large sidesway and diseplacement, and eventually a failu~e Dy 20llapse, i not

by exceszive deformations.

This type of {nstibility can also occur |n the

elastic domaln, before substantlal deformatlion or any plastificiation haa taken
place. It is called "instability by dbifurcation”.

In the second case, the loading or the structure or both are non-symmetriz.
Wwith the application of the load, aidesway develops progresaively. In such
cases, the verti{cal 1loads acting through the =idesway displacements, commonly
called "the P-A effect", create second order bending moments that magnify, {(n
turn, the deformation. Because of rapidly Increaaing displacements, plastic
hinges form, thereby decreasing the rigidity of the atructure and nausing more
sfdesway. This type of inatability {s related to a contiluous deterioratlion
of the «tiffness leading to an early failure by either a collap=e mechanism or

excess{ve sideaway.

Frame [nstability need not ba expllcitly considered in the plasti~s design of
one- and two-story undraced frames provided that the indlvidual columns and
girders are desigied according to the beam-column criteria of Sectlon 5-37.
For framea greater than two stories, bracing is nommally required according to
the AISC provisions for plastic design in order to [nsure the overall sta-
bility of the atructure. However, if an i(nelastic dynamic frame analysis (s
performed to determine the complete time-history of the atructural response Lo
the blast loading, (n2luding the P-A effectes, It may be established, i par-

ticular

nases,

two atories,

that lateral bracing is not neceszary In a frame greater than
A= mentioned previously, computer programs whicn perform an {n-

2lastic, multi-degree-of-freedom analysis of Crame structures may be employed
for auch an analysis.

Buckling of an element ln the structure (e2.g., 3 beam, girder or column) can
occur under certain loading and end conditiovns. Instability {s of two types,
namely, buckling of the member as a whole, e.g., lateral torsional buckling,
and local buckling at certain wsections, including flange buckling and web

erippling.

Provisions for plaati2 design of heams and columns are presented in a separate
section of this volume.

5-18.3 Brittle Modes ol Pailure

Onder dynamic loading, there is 3an enhanzed possibility that brittle fracture
can develop under certain conditions. 3ince this type of failure Is sudden In
nature and difficult to predict, it f{s very important to diminish the riak of

such premature failure.
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The complexity of the brittle fracture phenomena precludes a complete quanti-

As a result, it is impossible to establish simple rules
in flexural

tative definition.
for design. Brittle fracture will be associaced with a losas

resistance.

Brittle fractures are caused by a combination of adverse circumstances that
may include a few, some, or all of the following:

(1) Local streas concentrationa and residual atresses,

(2) Poor welding,

(3) The use of a notch sensitive steel,

(4) Shock loading or rapid strain rate,

(5) Low temperatures,

{6) Decreased ductility due to atrain aging, C

(7) The existence of a plane =train condition causing a atate of
tri-axial tension streases, eapecially in thiak gusset plates,
thick weba and {11 the vicinity of welds, and

(8) Inappropriate use of some forms of connections.

The problem of brittle fracture (3 closely related to the detalling of connee-
tions, a toplc that will be treated in a separate section of this volume.
However, there are certain general gaidelines to follow in order to minimize
the danger of brittle fracture:

{1)

(3)

5-19

Steel material must be selected to conform with the condition
antizipated [n service,

Fabricatlon and workmanship =hould meet high standards, e.g.,
sheared edges and notches should be avoided, and matertal that
has been severely cvld-worked should oe removed, and

Proportioaning and detailing of connections should be =such that
free movement of the base material is permitted, stresz concen-
trations and triaxial stress conditions are avcided, and ade-
quate ductility is provided.

DESIGN OF SINGLE SPAN AND CONTINUOUS BEAMS

General

The emphasi=s {n this =section {8 on the dynamic plastins deaign of structural

ateel Dbeams.

De=ign data have been de~ived from the stati: provisions of the

AISC Spe~illication with necesszary modifications and additions for blast de-

sign.

It =hsald be noted Lnac all provizions on plastiec design in the AISC

Spareciflcation apply, except az modified in this volume.

The 2alculation of the dynamic f(lexural
The neres3ary 1formatinn is presented for determining the equivalent

detafl.

capat2ity of beams i3 dezeribed in

= o) =




bilinear resistance-deflection functions used in evaluating the basic flexural
response of beams. Also presented are the supplementary oconsiderations of
adequate shear capacity and local and overall stabilliy which are necessary
for the process of hinge formation, moment redist~ibution and inelastic ninge
rotation to proceed to the development of a full nollapse mechanism.

5-20 Dynamic Flexural Capacity
5-20.1 General

The ultimate dynamic moment resisting capaclity of a steel beam {s given by
M =f Z 5=5

where [ , is the dynamic deaign stress (as deacribed In Section 5-13) of the

material and Z (s the plastic section modulus. The plastic section modulus
can be caloulated as the sum of. the statli<s moments of the fully ylelded
elements of the rqual cross-section areas above and below the neutral axia,
{f.e.:

Z = Acm‘ + l\.tm2 5-6

Note: A‘“:n1 = Atm2 for a doubly-symmetriz sedtion

where A_ = area of cross-section in compression
A, = area of crosas-section in tenslon

m, = distance from neutral axis to the centroid
of the area in compreaslon

m., = diatance from neutral axis to the centroid
of the area in tension

For standard I-shaped sectlons (S, W and M shapes), the plastis section
modulus ia approximately 1.15 times the elastic modulus for satrong axis
bending and may be obtained from standard manuals on structural steel design.

It [s generally assumed that a fully plastic section offers no additional re-
a{stanre to load. However, additional resistance due to strain hardening of
the material is presant as the deformation nontinues beyond the yield level of
the beam. In the analysis of structural steel beams, [t {3 assumed that the
plastic hinge formation i’ concentrated at a section. Actually, the plastic
region extends over a certain length that depends on the type of loading (con-
centrated or distributed) on the magnitude of the deformation, and on the
shape factor of the cross-section, The extent of the plastic hinge has no
substantial influence on the ultimate capa>ity; it has, however, an influence
on the final magnitude of the dellection. For all practical purpose=s, the
assumption of a conrcentrated plastic hinge iIs adequate,
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In blast design, although straina well {nto the atrain-hardening range may be
tolerated, the corresponding additional resistance is generally not sufficient
to warrant analyti{cal oonaideration since excessive support rotations and/or
ductility ratios of beams, which are susceptible to local flaange or lateral
torsional bick!ing, are not recommended.

5-20.2 Moment-curvature Relationship for Beams

Figare 5-6 shows the stress distribution at various stages of deformation for
a plastlic hinge section. Theoretically, the beam bends elasatically until the

outer fiber atress reaches t'd:,l and the yleld mwument deslgnated by My is

attained (figure 5-6a). As the moment fncreases above M the yield stress

lnward from the outer fibera of the section towards the neutral

y'

progresses
axis as ahown In figure 5-6b. As the moment approaches the fully plastic mo-
ment, a rectangular stress distribution as shown in flgure 5-6c iz
approached. The ratio between the fully plastic moment to the yield mament (s

tha shape factor, £, for the section, i.e., the ratio between the plastic and

elastic seccion moduli.
A representative moment-curvature relationship for a simply-supported steel
beam is shown in figue 5-7. The behavior {a elastie until the yleld moment

the curvatire inreases at a
Following

M., is reachned. With further lncrease in load,
greater rate as the fully pla3ztic moment value, M2, is approached.

the attainment of My, the curvature inoreases ajignificantly, with only a small
increase [n moment capacity.

purpisea, a bllinear representatinn of the moment-curvature rela-
For beams
= M].

For design
tionsnip (s employea as shown by the dashed lines in figue 5-7.
with a moderate design ductility ratios (u § 3), the design moment M

P
for beams with a larger design ductility ratio (g > 3), the desigu moment
Mp - Mz-

5-20.3 Desiyn Plastic Moment, Mp

The equivalent plasti~ de={g: moment shall be computed as follows:
Fo~ beams with duntility ratios less than or equal to 3:

Mp = .“”‘s (s + 2)/2 5-7
Where S and € are the elastic and plastic section moduli, ~espectively.
ro~ beams winh ducti{lity ratios grealer than 3 and heam col.mns:

M s f, 2 5-8
g3.:ation 5-7 {2 consistent with test results for beams with moderate duntll-
lties, Fo~ beamr which are allowed ', undergo large ductilitiea, equation

5-8, baszad upo>n Tull plastifieation of the seatinn, i3 cousidered reasonable
~or desjgn pu~poses.
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Figure S5-6 Theoretical stress distribution for pure bending at

various stages of dynamic loading
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Figure 5-7 Moment-curvature diagram for simple-supported,
dynamically loaded, I-shaped beams

~28-




It ls important to note that the above pertalns to beams which are suppirted
against buckling. Design provislona for guarding againat local and overall
buckling of beams during plastiz deformation are discussed {n Sections 5-24,

5-25 and 5-26.

5-21 Resistance and Stiffness Functlions

S5=21.1 General

The aingle~degree-of-freedom analysis whi>h serves as the basia for the flex-
ural reaponse calculation requires that the equivalent stiffness and ultimate
resjistance bYe defined for both single-span beams and continuoua beams. The
ultimate reslistarice values correspond to developing a full collapae mecha:nism
in each caze. The equivalent stiffnesaes correspond to load-deflection rela-
tionships that have been ldeallzed as biflinear fuictions with [nitlal slopes
30 deflned that the areas under the idealized load deflection diagrams are
equal to the areas under the actual diagrams at the point of (nception of
fully plasti2 behavior of the beam. This concept {s covered in Section 3-13

of Volume III,
5=271, 2 Single-span Beanms

Formulas for determining the stiffness and resxistanne for one-way steel beam
elements are presented in tables 3-1 and 3-8 of Volume [II. The values of M
{n tabla 3-1 represents the plantic dezxign moment, Mp. For exanple, the value

of £ for the f{xed-=imple, uniformly loaded beam beccmes Vi - 12 Mp/La.

5-21.3 Multi-span Beams

The beam relationships for defining the bilinear resistance function for
multi-apan continuous beams under uniform loading are summar{zed below. These
axpressions are predicated upon the formation of a three-hinge mechanism (n
each span. Maximun economy normally dictatesx that the =pan lengths and/or
member aizes be adjusted such that 3 mechanism forms =slmultaneously fa all

apans.

It must be noted that the development of a mechanism in a particular span of
a continuous dbeam assumes compatible stiffnesz properties at the end supports.
If the ratio of the length of the adjacent spans to the span being constidered
{s excessive (say, greater than 3), {t may not be possible to reach the limit
load without the beam failing by excess|ve deflection.

For uniformly-distributed loading on equal =pans or spans which do not differ
in length by more than 20 percent, the following relationships can be uszed to
define the bilinear resistance fuwiction:

Two—apan contiauwous beam:

Ru = r‘ubL s 12 Mp/L 3=9

KE = 163 EZI/I.,3 5110

Exterior span of ocontinuous beams with 3 or more spans:
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Ru = rubL = 11.7Mp/L 5=-11

KE: = Iu3i-:I/L3 512
Interior span of cont{nuous beam with 3 or more spans:

Ru = rubL = 16.0Mp/L 5=

ke = 300e1/L3 5-14

For design situations which do not meet the required conditions, the bilinear
reslstaice fuiction may be Jevaloped by the application of the basic proce-
dures of plastiz analysis.

5-22 Design for Flexure

5-22.1 General

The design of a structure to resist the blast of an accidental explosion con-
3ixta easeatially of the determination of the atructural resistance requlred
to limit calzulated deflections to within the prescribed maximum values as
outlined in Section 5-35. In general, the resistance and cdeflection may be
oymputed on the bisis of flexure provided that the shear capacity of the webd
is not exceeded. Zlastlis shearing ceformations of steel members are negli-
Zible as long a2 the depth to span ratio {2 leas than about 0.2 and hence, a
fiexural analysi3 is normally suffizient for establishing maximum deflections.

5-22.2 Response Charts

Dyniami~ rezponae charts (or one-degree-of-freedom saysatems [{n the elastic or
elasto-plastic range uider various dynamic loads are given in Volume III. To
use the charts, the effective natural period of vibration of a structural
ntez2l beam must be determined. The procedures for determining the natural
pariod of vibration for one-way elements are outlined in Section 3-17.4 of
Volume [II. Equation S5-15 ca: be used to determine the natual perind of
vibration for any ayatem for whizch the total effective masa, Mg, and
eqiivalent elastie tiffness, KE are known:

T, = 2 (M /K )& 5-15

N B

5-22.3 Prelininary Dynamic load Pactars

For preliminary flexural dezig: of beams situated {n low pressute range, {t is
~uggested that an =quivaient static ultimate resistance equal to the peak
blast pressure b2 used for those beams desigined for 2 degrees support
rotation. For large support rotations, a preliminary dynamic load factor of
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0.5 {8 recommended. Since the duration of the loading for low pressute raigr
will generally be the same or longer than the pe~iod of vibration of the
satructure, revisions to this prellminary design fron a dynamic analysis will
uaually not be substantial. Howaver, [or =structures where the loading
anvironment preszJure Is such that the load duratlon ia short as mmpared wit',
the period of vibration of the =atructue, this procedure may result (1 a4
auybstantial overestimate of the required reaxistance,

5-22.4% Additional Consideratinas (n Flexural Deslygn

Onee a dynami~ analyais is performed on the aingle 2pdant or contiiuous bean,
the deformations must be checked with the limitations set [n the c-~ite-~{a.
The provisions for local buckliing, web crippling and lateral bracing muat be
met. The deformation cr~iteria for beam clementa innluding purlina, spandrels
and gi~ts ls summarized in Sestinn 5-35.

The rebound behavior of the atructure must not be overlooked. The [nformation
requlired for calzulating the elasti2 rebddiund of structures (3 contalned (n
figue 3-268. The proviziluna for local busckiing, lateral bracing, 38 outlined
in subsequent sections of this voluma, shall 3pply {n the desi{g for rebound,

5-213 Design for Shear

Sheariag foreoea are of siguifieannce (2 plastiec dexign primasily because of
their possible influence on the plastic moment capaity of 3 =veel member. Al
mints where large bending moments and shear forces exist, rLhe anaumption of
an ldeal elasto-plastic stress-strain relationship indicates that during tne
progresslve formation of a plastiz2 hiage, there [s a redudtiasn of the web arsza
avallable for shear. This reduced area could result in an {attiation of shear

vsieldlng and poss{bly reduce the moment capacity.

How“ever, it nas been fownd experimentally that I-shaped section achieve their
fully plastic moment oapaclty providsd that Lhe average shear atresx ovar the
fall web area i3 less than the yield stress [n shear. This result can basi>
ally be attributed to the fact that I-shaped sestions carry moment predomi-
na:itly through the flanges and shear predominantly tarough Lhe web. 0Other
wnatribeting ractors include -“he beneficial eifects of straln hardening and
tn2 faot that combinations of high shear and high momenl generally oc2ur at
locations where the moment gradient is steep.

The yield capacity of steel beams | shear la given by:

Vo= A 5-16

where Vp is the shear capacity, rdv is the dyhamic yleld strexs [n shear of

the steel (eq. 5-4), and A, is the area of the web. For I-shiped beams and

2imilar “lexural members with thin webs, only the web area batween (lange
plat2a should? be used in caleulating Ay-

For several partizula~ load and support oconditions, equations for the support
aaears, V, for one-way elemeats are given {n table 3-9 of Volume [II. As dis-
cussed ablve, as long as the acting shear V does ot exceed Vp, I-shaped
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sections can be conaidered capable of achiaving thelr full plastic moment., If
V is greater than Vp, the web area of the chosen section is Inadequate and

either the web must be strengthened or a different section should be selected.

However, for 2ases where the web (= bejng relied upoa to carry a signlflcant
portion of the moment capacity of the =ection, svch as rectangilar cross-
section beamax or built-up sections, the (nfluence of =shear on the avaliable
mome:nt capacity must b2 considered as treated la Section S5-31.

5-24 Local Buckling

In order to insure thac a ateel beam will attain fully plastis behavior and
acttaln cthe desir2d ductility at plastic hinge incations, it is necessary that
the elements of tne b2am section meet minimum thiskaexs requirements suffi-
2ient to prevent a local buckiing failue. Adopting the plastic design re-
quirements of tne AISC Specification, the width-thickness ratio for flanges of
rolled I- and W-shapea and =imilar built-up single web shapes that wouid be
suabjected Lo comprexsion iavolvinag plastic hinge rotatinn shall not excesd the
followiig values:

£, (kai) be/2tp

where .“y i’ the spacified minimum 3tati~n yi2ld stress For the ateel (table 5-

1), D, i2 the flange width and te is the flange thicknesa.
The width-thickness ratins of similarly compresaed flange plates {n box aec-
riona and 20ver plate=s shiall nol exceed 190/({',/)/2. for this pupose, the
widtn of a 20ver plate shall be taken as the distance between loagitudinal
lines of cornnenti=g rivets, high-strength bolta or welds.

The depth-thickneas ratic of wabs of menbera audjected to plastic bending
shz11 1ot exceed the value given by Equatlon 5-17 or 5-18 as applinable.

412 < 0.27

<
— « —=- (1 = 1.4 ?-—) when-P— S=i1 T
tw ¢ Py Py
Y
(-]
?(1 s L g Te > 0-2T 5-18
W r
y 4 -
herae P = the applied onmpresaive load

P = the plastic axial load »qual to the cross-sectional -
area times the anpecified minimum atatic yleld stress, fy

_32-




These equatlions which are applicable to local buckling under dynamic load! :ag
have been adopted (rom the AISC provisions for static loading. Howaver, 3i: e
the actual procesa of buckling takea a finlte p2riod of time, the memder mues:
dccelerate laterally and the mass of the member provides an {nertial forre re-
Larding this acceleration. For this reazon, load: that might otherw!{se wiuse
fallure may be applied to the members for very short duratjons I they are re-
moved before the buckling has occurred. Hence, (t (s appropriate and mnser-
vative to 4apply the criteria developed for static loiads to the case of dynamic
loadig of relatively short duration.

These requlr~ements on cross-section geometry ahould be adhered to in the de-
sign of all members for blast loading. However, in the event that it la nec-
essary to evaluate the load-carrylng capacity of an exiatiag struttural member
which does not meet these proviajons, the ultimate capacity should bde reduced
{n ancordanne with the recommendatiosns made in the Commentary and Appendix

of the AISC Specification.
5-25 Web Crippl ing

Since concentrated loads arid reactions along a short leagth of flange are
carried by compreaxsive atresses In the web of the supporting member, luecal
ytelding may occur (ollowed by crippling or crumpling of the web. Stiffenerca
bearig against the flanges at load poinats and fastened to the web 3r2 usually
raployed in such aftuations to provide a graduial transfer of thea2 forces 1o

the web,

Proviaions for web stiffeners, as given in Section 1.15.5 of the AISC Speci‘i-
caticn, should be used jin dynamic design. In applying these provisions, t‘y
should be taken equal to the specified atatic yield strength of the ateel.

5-26 lateral Bracing
5-26.1 General

Lateral brazing support [s often provided by floor beams, joists or purlins
wnich frame [nto the member to be briced. The wunbraced lengtha (1(_,{,, as

defined tn Sections 5-26.2 and 5-26.3) are either {ixed by the spacing of the
purllns and girts or by the apizing of supplementary bracing.

Whan the rompression flange 1s securely connected to steel decking or siding,
this will constitute adequate lateral bracing in most cases. In additlon, (-
flention points (points of contraflexure) can be considered as braced pofnats.

Members built {nto a masonry wall and having their web perpendicular to this
wall 24n be assuned to be laterally supported with respect to thei~ weak axis
of bending. In addition, points of coatraflexure can be considered as braced

points, if neresudry.
Members aubjected to bending abdut their 3trong axis may b2 suacepiible to

lateral-torsional buckling In the direction of the weak axis {f their com-
presalon flange is not laterally braced. Therefore, {n order for a plastic-
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ally-desigrned member to reach {ts collapse mechanism, lateral supports must be
provided at the plastic hinge locations and &t a certain distance from the
hinge location. Rebound, which constitutes striss reversals, is an {mportant
cons{deration for lateral braciag support. )

5-26.2 Reguirements for Members with y s 3

3ince members with the design ductility ratios leas than or equal to 3 underg
moderate amounts oOf plastic deformation, the bracing requirements are somewhat
less stringent.

For this case, the following relationohip may be used:
; e 5 s
L/ - [¢(102 x 10 Lb)/fds] 5-19

where
t = distance between nross-secti{ons braced against twist
or lateral displacement of the compression flange,

r.. = radius of gyration of a section comprising the compresrion
flange plus one-third of the compression web area taken
about an axis [n the plane of the web, and

C, = bending coefficient deflned t{n Section 1.5.1.4.5 .
of the AISC Specification

5-26-3 Reguirements for Members Wirh > 3

In order to develop the full plastic moment, M_ for members with design duc-
tility ratios greater than 3, the distance from the brace at the hinge loca-
tion to the aljacent bdbraced points should not be greater than lcr as deter-
mined Crom cither equation 5-20 or 5-21, as applicable:

2

< > - 0.

2. 1373 4 55 unen s 1.0 2 M2 7 0.5 5-20
P f M

ds p
ber 1375 M
B — = whea - 0.5 > — > - 1.0 5-21

r £ — e —

y ds p

where ry « the radiis of gyration of the member about {t3 weak axis

M = the lesser of the mome:nt: at the ends of the unbraced segment
— = the end moment ratioa. The moment ratio is positive when
p the =egment {2 bent {n reverse curvature and negative when
bent, in =2inzle curvature. o

B = critical langth correction factor (See Figure 5-8) R
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Figure 5-8 Values of B for use in equaticns 5-20 and 5-21
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The critical 1l=2ngth correction factor, 8, accounts for the fact that the
required spacing of bracing, 1cr' decreases with luncreased ductility ratio.

For example, for a particular member with r, = 2 in. and qu = 51 ksi and

Y
using the equation for M/Mp = 0, we get ch = 71.7 in. for yu = 6 ang 1cr =

39.7 in. for u = 20.
5-26.% Requirements for Elements Subjected to Rebound

The bracing cequirements for non-yielded segments of members and the bracing
requirements for members in rebound can be determined trom the following rela-
tionship:

2
P e (2770

r=1.67 [2/3 - -«m——7r—]f 5-22
1530 « 107,

where

f = the maximum bending stresa in the member, and
in no case greater than qu

When [ equals fds. this equation reduces to the ZIrT requirement of equation
S=IH9

5-26.5 Requirements for Braclng Members

In order to fuirtion adequately, the bracing member must meet certain minimum
requirements on axial strength and axial stiffness. These requireme:ats are
quite minimal in relation to the properties Lf typical framing members.

Lateral braces should be welded or securely bolted to the compression flange
and, {2 addirlon, a vertical stiffener should generally be provided at bracing
poiats wha2re concentrated vertic2l loada are also being transferred. Plastic
hiage locations within uniformly loaded spans do not generally require a stif-
fener. Examples 5f lateral bdracing details are presented in figure 5-9.

DESIGN OF PJ.ATES
S=27. General

The emphasais [ this =ection !s on the dynamic plastic design of plates. As
inn the case for =imply =upported a:d wontinuous beams, des{gn data have been
derived from the s=taciy | -viaions of the AISC Specification with nenesaary
modificatlions and additions ror hiast deslgn.

This section covars the dynamic flexural ocapacity of plates, as well as the
a-eessary  iaformation for determiaing the equivalent bilinear resiatance-
d:flaction fuaerions uzes {1 evalualing the flexural response of plates. Also
nresented i3 the supplementary wconsideration of adequate s=hear capanity at
negative yleld lines.

= 36 5




- —

=Y

o i

BOLTED CONTINUOUS CONNECTION BOLTED DISCONTINUOUS CONNECTION

P
ﬁ ﬂ.- 1

1
STIFFNERS—/

Kﬂrrsucas —
1 417 +

H\T

s

WELDED CONTINUOUS CONNECTION WELDED DISCONTINUOLS CONNECTION

KSTIFFENERS

- A

BRACING ROD

TIED BOTTOM FLANGE CONNECTION

Figure 5-9 Typical lateral bracing details
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$5-28 Dynamic Flexural Capacity

A3 is the case for standard I-shaped sections, the ultimate dynamic moment-
resisting capacity of a steel plate is a fuiction of the elastic and plastic
moduli and the dynamic desigy stresas. For plates or rectangular cross-section
beams, the plastic section modulus is 1.5 times the elastic section modulus.

A representative moment-curvature relationshlip for a simplLy-supported sateel
plate is shown in figue S5-10. The behavior is elastic unti{l a curvature
norresponding to the yleld moment M, is reached. With further increase 1in

y !
load, the curvature [noreases at a greater rate azs the fully plastic moment
value, Mz, {3 approached. Followinng the attainment of Mo,y the curvature

increases while the manent remalns constant.

For plates and rectangular cross-section beams, M2 ia 50 percent greater than

My and the natue of the transition from yield to the fuily plastic condition
depends upo'l the plate geometry and end conditions. It is recommend2d that a
capazity midway between My and M2 be used to define the plastic design moment,
Hp (My in Figure 5-11), for plates aad rectangular cross-section beams.
Therefore, for plates with any duztility ratio, @quation 5-7 applies.

3-29 Resistance and Stiffness Functlons

Procedu'es for determiaing 2tiffness and resistance factors for one- and two~
way plate elements are outlined {n Volume II(. Theae lactors are based upon
elaatic deflebtion theory and the yield-line method, and are appropriate for
defining the stiffness and uitimate load-carrying capacity of ductile struce
tural steel plates. In applying these factors to steel plates, the modulus of
elastizity should d2 taken equal to 29,600,000 pst. For two-way Isotropic
aheel plates, the ultimate unit positive and negative moments are equal in all
directions; i.a.

L . p - "o _
where Mp is defined by equation 5-7 and the remaining values are ultimate unit
moment capacities as deflned in Section 3-9.3 of Volume [II. Sinice the

stiffnesz factors WJere derived For plates with equal stiffnesa properties (n
2avh direction, they are not applicable to the case of orthotropic steel
plata=, such ax atifferied plates, shiech have different stiffness properties in
each Jdi{r=ation.

5-30 Design for Flexure

The proc=du~e [or the [laxural dewig: of a steel plate (s essentially the same
s the design of 3 beam. As fo~ beams, [t i3 suggested that preliminary dy-
iami2 1oad fantors listed in table 5-4 be used for piate structures. With the
iniffnens and ~esiziane2 factors from Seotion 5-29 and taking into acoouat the
influsan~e of snear oa the avajilable plate moment capacity as defined [n Sec—
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Figure 5-10 Mament-curvature diagram for dynamically loaded pla:t=s
and rectangul ar cross-section beams
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Table 5-4 Prellminary Dynamic Load Factors for Plates

Deflection Deformation*

Magni tude 6 max y max DLF
Small 2 5 1.0
Moderate ] 10 0.8
Large 12 20 0.6

*  Whicnever governs
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tion 5-31, the dynamic response and rebound for a given blast loading may be
determined from the response charta (n Volume TII. It should be noted that
for u>10, the dynamic design atress, incorporatling the dynamie ultimate
atress, f, , may be used (see equation 5-2).

5-31 Design for Shear

In the design of rectangular plates, the effect of simultaneous high moment
and high shear at negative yield lines upon the plastic atrength of the plate
may be significant. In such cases, the following interaction formula de-
scribes the efrect of the support =hear, V, upoi the avalladle aoment capal-
ey, M

]
M/M_ = 1 = (V/V) -2
P ( P 5=23
where Mp is the fully plastlc moment capacity in the absance of ahea~ ¢al~u-
lated (rom equation 5-7 and V_ (s the ultimate shear capacity in the absaine

o}
of bending determined frum equation 5-16 where the web area, A,, 1a taken
equal to the total cross-sectlonal area at the support.

For two-way elements, values [or the ultimates support ahears which are applin-
able to steel plates are presented {n table 3-10 of Volume (I[I.

It should be noted that, due tdo the iater-relationship betwee:: the support
shear, V, the unit ultimate flexural resistance, Fur of the Lwo-way element,
and the fully plast{> moment res|stance, Mp. the determinatlon of the resis-
tance of s=teel rlates conaidering equatlon 5-23, {s not a =2imple calcula-
tion, Fortunately, the number of Instances when negative yleld lines with
support she:ars are encountered for steel plates 411l be limited. Horeover, in

most applicatlons, the V/vp rat{o i= such that the available moment g¢apacity

fa at leaat equal to the plastic de=ign moment for plates {equatlon 5-7).

It {s recommernded that for a Vlvg ratio on negative yleld lines leas than

0.67, tne plastic design moment for plates, as determined from equation S5-7,
should be used in de=ign. However, if V/'Jp is greater than 0.67, the {aflu-

etice of shear on the available moment capacity must be accnunted for by means
of equation 5-23.

SPECIAL CONSIDERATIONS - BEAMS
5-32 Unsymmetrical bending
5-32.1 General
In blast Jdesign, the numder of situatlons where unsymmetrical dending occurs
{3 limited and where encountered, it rcan be treated wWwithout serious economin
penalty. Due to the fact that blast overpressure 1-..8 act normal to the sur-

faces of a structure, the use of doubly-symmetric oross-sectlons for purlias
and girts (e.g., hot-rolled $- and W-sections or coid-formed channel= used

o ) &




back-to-back) i=s generally recommended. In such cases, the deformation cri-
teria for flexural members in Section 5-22 apply.

Unsymmetrical bendi«g occurs when flexural members are sutjected to tranaverse
loads acting in a plane other than a principal plane. With this type of load-
{ag:

1. The member's neutral axiz (s not perpendicular to the plane of
loading.

20 Stresses cannot in general be calculated by mea:ns of the simple
bending formula (Mc/I).

< The bending deflection does not conincide with the plane of
loading but ls perpendicular to the i(nclined neutral axi=s.

y, If the plane of loads does not pass through the shear center of
the cross-sention, bending is also accompanied by twiating.

Doubly-symmetric S-, W- and box zections actiag as [adividual beam elements
and subjected to bi-axial bending, i.e., uisymmetrical bending without tor-
sfon, ~an be treated u=ing the procedures outlined {n the following sections.

5-32.2 Blastic and Plastic tio.. Modulus

The Ilnelinatian of the elasti~s and plastie neutral axis through the centroid
of the section can be calculated directly from the following relationship (see
rig. 5-11);:
= / (-8
tan a (Ix Iy) tan ¢ 5-24

where a = angle between the horizontal principal
plane and the neutral axis

¢ = angle between the plane nf the load and the
vertical principal plane

and x and y refer vo the horizontal and vertical principal axes of the cross-
section.

The equivalent elastic =ection modulus may be evaluated from the follow!ng
equatlion:

S = (sty)/(Sycosa + stirw) 5-25

where Sx = elasti2 section modulus about the x-axi=
Sy = elasctic sectinn modulus about the y-axis
Tne planti= =zedt{ion modulus can be calculated using equation 5-6., With these

values of the elastlie and plaatic section modulf, the design plastic moment
capacity ~an be determined from equation 5-T.

= B =




4
. 72—TRANSVERSE LOAD

)

/
If /
1/

X

' ELASTIC AND PLASTIC
NEUTRAL AXIS
THROUGH THE CENTROID

Figure 5-11

8 zELASTIC DEFLECTION

= F I
~/ 8x+oy

Biaxial bending of a doubly-symmetric section

-43.




5-32.3 Squivalent EBlastic Stiffness

In order to define the stiffneas and bilinear reaisatance function, {t is nec-
easary to determine the elastic deflection of the beam. This deflection may
be cal~rulated by resolving the load into components acting in the principal
planes of the oross-section. The elastic deflection, &8, is calculated as the
resultant of the deflections determined by simple bending calculatisns in each
direction (see fig. 5-11). The equivalent elastic deflection on the bilinear
resistance funchion XE' may then be determined by assuming tiat the elastle

aciffneas is valid up to the develupment of the design plastic moment capac-
iy, Mp.

5-32.4 Lateral Bracing and Recommended Desiga Criterlia

The bracing requirements of Section 5-26 may riot be totally adequate to permit
a dbiaxially-loaided section to deflect jnto the i(nelastic range ~ithout prema-
tare failure. However, for lack of data, the provisions of Section 5-26 on
lateral braning may be used {F the total member end rotation corresponding to
the total deflectlon due to the incllaed 1onad is limited to 2 degrees. 1In
addition, the actual detalls of support conditions and/or braecing provided to
auch members by the other primary aud secondary membders of the frame must be
ca—~efully checked to ensure that the proper conditlions exist to permlt
deflections in the inelastic range.

5-32.5 Torsion and Unsymmetcical Bending

The laemlastic behavior of sections subjected to unsymmetrical bending, with
t4ianing, ls not torally known at present., Consequently, the use of sections
with the resultant 1nad nobt passiag through the shear center {8 not
recommended i1 plastic desjgn of »last-resistant structures, unless torsional .
cuaatrajiat: are providad for the elements. In actual [nstallationa, however,
the torsio.:al oastraint offered to a purlia or girt by the flexural rigidity
of the floor, roof or wiall panela to which [t {= attached may {orce the
secondary member to delient {n the plane of loading with little or o
torgjonal =ffects. Under 2uch vonditions or when some other means of bracing
iz provided to prevent tor={io:nal rotation in both the loading and rebound
phaze< of the response, =such unsymmatrically loaded members may bde capable of

performing well i:: the plastic range. However, because oOf the limited data
presently availadble, there (= (nsufficient basis for providing practinal
design guid2lines (n this area. Hence, (f a 'case ianvolving unsymmetrical

bending with torsion cantot be prevented {n design, the maximum ductility
ratlo 2nould be limited to 1.0.

rurthermore, =2pecial prelautinns may hiave to be taken to restrict the
torainnal-Fflexural distorrnione that can develop under unsymmetrical loading,
tneraby reduaing the flexural capicity of the member.

533 Steel Joists and Joiat Girders (Open-web Steel Joists)
Jpeni~wed joiste are commonly used as load-carrying members for the direct
support of roof anad floor denk {1 buildinga. The design of joista for conven-

itonal loads (s covered by tne "Standard Specifications, Load Tabies and
Weight Tables (or Steel Joiszte and Jolat Girders", adopted by the Steel Joist
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Institute. For blast design, all the provisionz of this Specification are [n
force, except as modified herein.

These jolsts are manufactured using elther hot-rolled or cold-formed stael. H-
Series joints are canposed of 50-kai ateel In the chord meabers and either 36
kal or 50-k={ steel for the web sections. LH Series, DLH Series aad jolst
girders are composed of jolst chords or wad sections with a yield streagth of
at least 36 ksi, but not greater than 50 ksi.

Standard load tables are avallable for simply-supported, uniformly-loaded
Joists supporting a deck and =0 coastructed that rLhe top ~hord s braced
against lateral buckling. These tables indicate that the capa2ity of a par-
ticular jolst may ba governed by either flexural or shear (maximun end reac
tion) considerations. As discussed previously, It is preferable i blaxt
appl {cationa to select a member whose capacity is controlled by flexure ang
not be shear which may cause abrupt failure.

The tabulated loads itnclude a check on the bottom chord as an ax{ally-loaded
tenaile member and the deaign of the top chord aa a column or beam ~oluan.
The width-thickne=as ratios of the watiffened or stiffened elanents of the
cross-section are also limited to values specified in the Standard Specifica-
tions,

The dynamic ultimate capacity of open-web jolsts may be takeir equal to
1.7 a x ¢ times the load given In the joist tables. This value represents the
safety factor of 1.7 multiplied by a dynamic {norease factor, ¢, and the
average strength increase factor, a (see Section 5-12).

The adequaczy of the section in rebound must b2 evaluated. ipon nfalculating
the raquired reslstance i rebound, ;/ru, using the rebound chart in Volune

LII (rig. 3-268), the lower chord must be checked as a column or beam column.
[f the bhttom chord of a standard joist.is not adequate i{n rebound, the chord
must be strengthened either by redu2ing the uibraced length or by [noreasing
the chord area. The top chord must be checked as an axi{al tensi{le membder but
in most circumstarices, it will be adequate..

The bridging members required by the joist speclilficatlon should be checked for
both the initial and rebound phase of the resxpoite to verify that they satisfy
the required spacing of compreasion flange braclng for lateral buckling.

The joist tables indicate that the desfign of scme joists [a governed by shear,
that L2, failure of the web bar members [n tension or compression near the
supports. Ia such casea, the ductility ratio for the joiat should not exceed
wiity. In addition, the joist members near the support should be [avest{gated
for the worst combination of slenderness ratio and axial load wider load re-
versal .

For not-rolled memberas aot limited by shear consideratlomns, design duccitity
ratfios up to the values =specified {n Section $5-35 can be used. The design
ductilivy ratio of joists with light gauge chord members should be limited to
1.0.
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Tha top and bottom chords should b2 symmetrical about a vertical axis. 35
double angles or bars are used as chord members, the camponents of each cnord
2ahould be fastened together 20 as to act as a single member.

SPECIAL CONSIDERATIONS -~ COLD-FORMED STEEL PANELS
5-34 Blast Resistant Design of Cold-formed Steel Panela

5-34, 1 General

Recent studies on cold-formed panela have shown that the effective width rela-
tionships for cold-formed light gauge elements under dynamic loading do uot
differ significantly fron the static relat{onshipa. Consequently, the recom-
mendations oresently contained in the AISI Specifications are used as the
baala for establishing the special provisions needed for the desigh of cold-
formed panels =sudjected to blast loads. Some of the formulas of the
Specification have been extended to comply with ultimate load conditions and
to permit limited performance in the fnelastic range.

Two main modes Of failure can be recognized, one governed by bending and the
other by shear. In the case of continuous members, the interaction of the two
influences plays a major role in determining the behavior and the ultimate
capacity. Due to the relatively thin webs encountered [n cold-formed members,
apzeial attentionon mast also be paid to crippling problems. Basically, the de-
ajgn will be dictated by the capacity in flexue but subject to the con-
stralat: imposed by shear resistance and local =stabllity.

5-34.2 Resistance in Flexure

The material properties of the =teel used {n the production of wld-formed
ateel panels conforma to ASTM Specification A446. This standard covers three
g~ade=: (a, b, and c) depending on the yield point. Most commonly, panels are
made of steel complying with the requirements of grade a, with a minimum yield
point of 33 k=i and an elongation of ruptuwe of 20 percent for a 2-inch gauge
length. However, [t (3 generally known that the yield stress of the material
gsed [ the manufacture of cold-formed panels generally excends the specified
minimun yield stress by a significant margin; therefore, it s recommended
that a desig) minimum yield stresaz of 40 ksi (corresponding to an average
strength increaze factor of a = 1.21) be used unless the actual ylield streas
of the material {3 kaowil. For grades b and c which exhiblt higher minimum
yield poiats, a1 average strength ifucreaze factor of 1.21 {3 also recommended.

I cainculatiag the dynami~ yield stresn of cold-formed steel panels, it is
recommended that 3 dynami2 increas2 factor, ¢, of 1.1 be applied irrespective
of actual <train rate and, rnonsequeintly, the value of the dynamic design
|treaa to b2 used (8

£ =4 x2 f = 1.21 x 1.1 f = 1. iy =25
4a xy xy 33y 5=2

and hence, g, 2Quils Uk k= for the particular case of f a 33 ksi.

’ Yy
Ultimate desigyl procedures, combined with the effective width ooncept, are
used {n evaluating the strength of cold-formed lignt zauge elementa. Thus, a
characteristic featue of cold-formed elements ia the variation of thelr sec-
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tion properties with the Intenalty of the load. As the load lnareaser bz:yond
the level correaponding to the occurrence of local buckling, the effective
area of the compression flainge (s reduced; as a result, the neutral axis moves
toward the tension flange with the effective properties of the crosa-aection
such as A (area), I (moment of inertia) and S (section modulus), dezreasing
with load Increase. The properties of the panela, a3 tabulated by the
manufacturer, are related to different stress levels. The value of S referred
to that of the effective section modulus at ultimate and the value of I
related to a service stress level of 20 ksi. In the case of panels fabricated
from hat =mections and a flat sheet, two =ection modul! are tabulated, S5+ and
S-, referr({ng to the effective section modulus (or poaltive and negative
maments, reaspectively. Consequently, the followinig ultimate moment capacities
are obtained:

Mup 3 M 527
M = fgs S 5-28
where M = ultimate positive moment capacity for a

one-foot width of panel, and

M = ultimate negative moment capacity for a
one-foot width of panel

It shouwld be noted that in cazes where tabulited sectio:l properties are not
available, the regiired properties may be calculated based upon the relation-
ahips [n the AISI Design Specification.

As for any single-span flexural element, the panel may be subjected to differ-
ent ernd conditions, elther simply supported or fixed. The {ixed-{lxed condi-
tion ia seldom found in practice since this sftuation {8 difficult to achieve
fn actual {nstallations. The =imply flxed condition (s found because of sym-
metry it each 3pan of a two-span continuous panel. For multi-span members
(three or more), the reaponse {3 governed by that of the flrat span which ia
generally characterized by a simply supported condition at one aupport and a
partial mameat reatraint at the other, Three typical cases can, therefore, be
~onsf der xd:

1. Simply supported at both ends (single span).

8 Simply supported ah one end and flxed at the cther (two equal
span continuous member).

3. Simply supported at one end and partlally fixed at the other
(first 2pan of an 2qually apiced multi-span element).

The rezjistance of the panel is a function of both the strength of the sectlon
and the maximum moment {n the member.

The ability of the pianel to sustain yieldiluag of [ts cross-sectinn produces
ajignificant manent re-diatribution in the continuous member which resuits in
an increase of the resi{stanne of the panel.
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The brhavior of oold-formed steel sections in flexure Is non-linear as ahowi
in figue 5-12. To =almulate the Dbilinear approximation to the resistance-
deflection curve, a factor of 0.9 {s applled to the p2ak rexfstance. There-
fore, for deslg: purposes, the recommended resiataice formula for a =imply-
supported, single-span panel ia given by:

2 2
b = 0.9 x 8 Mup/L = 7.2 Mup/l' 5-29

where 2 {3 the resistance per unit leagth of panel, and L (3 the clear or
effective sapin lenghh.

The recommended res{stanne formula for a aimply-{ixed, ai{ngle-span panal or
firat apan of an equally spaoed conti<uwous panel ia give: by:

2

2
ry " 0.9 x 4 (Mm + ZﬁupVL = 3.6 (Mm * aqup)/‘, 5-30

1

5-34. 3 Zquivalent Blastic Deflection

Ax previously mentioned, the bzhavior of cold-formed sections {n flexure i3
noir-iineas as shown ta figae 5-12. A bilinear approximation of the resis-
tanne-deflection curve i3 asaumed for design. The equivalent elastic deflec-
tion x.‘5 s abtalnedl by using the followiag equation:

4
= (i =
Xz = (8r L)/ELyg 5-31

where B8 {2 a conztant whioch dependz on the support conditions and whoae vaiues
ar2 as follows:

-

B = 3.0130 fur a simply supprrtaed el sment
8 = 0.0052 ror 3tmply Mixed or continuous elements.

I).O 18 defined an the effective moment of Inertia of the section at a service
atres: of 20 ksi. The value of z,o {3 geilerally taoulated as a sectio:n prop-
erty of thr ptn2t. The valus of r., is obtained from equation 5-29 or 5-30.

5-34.4 Desigyn for Plexure

Wnen p2rforminag a one-degree-of -freedon analysis of the panel's behavior, the
prupercties of the ~qulvalent ayatem 2at be 2valuated by usiug a load-mass fa>
30T KLM = 0,74, whish {3 an average valie applicable to all support oondi-

riong, The natural perind of vibeation for the esquivalent single-deg-ee sytem
‘S thus obtained by aubstituting {ato equation 5-15:

1
T, «2n (0.74 mL/KE)/Z 5-32
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where m = w/g is the it mass of the panel, and

KE: a ruL/XE is the equivalent elasatic =ciffness cf the system

5-34.5 Recommended Ductility Ratios

Figure 5-12 fllustrates the non-llnear character of the resistance-deflection
curve and the recomnended bilinear approximation. The initial slope of the
actual 2urve (2 fairly linear untlil {t enters a range of marked nomrlinearity
and, finally, A point of [nstability. However, exces=ive deflection: cause
the decking tv act as a membrane [(n tension (sollid curve) and, eonseguently, a
cerrain ievel of stability sets in. It should be noted that, {n order t2 u=e
the procedure outlined {1 this section, care muat b taken to adequately
connect the end: of the deckjng 320 that it can achieve the desired level of
tengion-membrane Action. A discusaion of oconnectors at end panels (s
preseated {n 3eation, 5-48. When tensiommembrane action is aot preszent,
inoreaced deflection will result in a signiffcant drop-off in reststance as
{l1lustrated by the dotted curve in figure 5-12.

Two limit: of deformation are asaigned, depending on end-anchorage odndition
of th: panel. For panclas having noninal end anchtorage, that is, where
tane on-membrane astion {8 miaimal, the maximum deflection of the panel (= Xo,
as) {l1lustracted in figwe 5-12, and is defined by:

Xo = 1.75 XE 5-33
For panela with sufficient ei1d an~horage Lo permit tenaipon-membrane action,
tae maximim deflection of the panel is Xy, 3% {llustrated {n Figure 5-12, and
158 defined by:

X_ =« 6. =y

‘(:n 6.0 XE 5a3
5-34.6 Recomaended Support Rotatinns

In order to restrict the magnhitude of rotation at the supports, limitations
arz niaced on the maximum dellections, X, ad X, as follows:

tor element=: where tension-membrane action [s not present:

Xo = L/92 or 8 max = 1.25 degrees. 5-35
For elements wher2 Lenzon-membrane action {3 presxent:

‘(_n « L/92 or B nax = L dzgrees. 5-36
5-34.7 Rebound
Appropirfate dynami rexpoire ghdarta for one-degree-of -freedom syatems in the
pla<tic or elazto-plas~tin range nder varisus dynamic 1lvads are glven in
Volume III. The prodlem of rebound =hould > Mmmeidered in the desiz of

dexkig due to Lhe different seotion praoperties of the panel, depending on
w'ether thne hat sectian or the jlac sheet (8 in compression. Figure 5-13
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presents the maximum elastic resistance [a rebound as a function of T/TN.

While the behavior of the panel {n rebound does not often control, the
designer 3hould be aware of the problem; in any eveint, there is a need for
oroviding connections capable of reaisting uplift or pull-out forces due to
load reversal in rebound.

5-34.8 Resistance in Shear

Webs with h/t in excess of 60 are in common use among cold-formed members and
the fabrication process makes it {mpractical to use stiffeners. The design
web stresses must, therefore, be llmited to insure adequate stability without
the aid of stiffeners, thereby preventing prematur2 local web failure and the
accompanying lozs of load-carrying rapacity.

The possibility of web buckling due to bending stresses exists and the cri-
tical bending stress ia given by equatlion 5-37:

2, I
£ = 640,000/ (h/2)%¢ £ 55

By equating fcr to 32 kai, which ta (a stresa close to the ylelding of the

material, a value h/t = 141 (s obtained. Since {t is known that webs do not
actually fail at the=e theoretinal buckling stressea due to the development of
poat-buzkling strength, it ean be safely assumed that webs with

h/t < 150 will not be susceptible to flexural buckling. Moreover, since the
AISI recommendations prescride a limit of h/t = 150 for unstiffened webs, this
type of web [nstadility need not be ~considered {n design.

Panels are generally manufactured in geometrical proportions which preclude
wab-shear problems when used for recommended spans and minimum support-bearing
lengths of 2 to 3 {1ches, In blast design, however, because of the greater
intensity of the loading, the {ncrease in requlired flexural resistance of the
panels 2alls for shorter spana. '

In most cases, the shear capanity of a web is dictated by [nstability due to
2ither

1. Simple shear stressea or

s Combined bending and shearing stresses,.

For the nase of simple shear s3stresnes, as enmuntered at end supports, It is
[mportant to distinguish three ranges of behavior depending on the magnitude
of h/t. For large values of h/t, the maximum 3hear stress {s dictated by
elastic buckling in shear and for [Intermediate h/t values, the {nelastic buck-
ling of the web governs; whereas {or very small values of h't, local buckling
Wwill not orcur and failuwe will be raused by yielding produced by shear
stresces.  This int is (ilustrated in figure 5-14 for f4q = 44 ksi. The

provisiong of the AISI Ipecification In this area are based on a safety factor
ranging from 1.U44 to 1,57 42 ending upon h/t. For blast-resistant design, the
recommended design stresses for =imple shear are based on an extension of the
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AIST provisions to comply with ultimate load conditions. The specific equa-
tions for use in design for f,, = Ui, 66 and 88 ksl are summarized {n tables

5-5a, 5-6a, and 5-7a respectively.

At the interior supports of contlnuous panels, high b2nding moments combined
with large shear forces are present and webs must be checked for buckling due

Lo these forces.

The {ateraction formula presented {n the AISI Specification

is

given

in terms of the allowable stresses rather than critical stresses

<hich produce buckling.

In order to adapt thlis interaction formula to ulti-

mate load conditions, the problem of inelastic buckling under combined
stresseas has been considered in the development of the recommended des{gn
data.

In order to minimize the amount and oomplexity of design calculations, the
allowable dynamic deszign shear stresses at the {nterior support of a continu-
ous member have been computed for different depth-thickness ratios for fds =

44, 66 and B8 k=i, and tabulated in tables 5-5b, S-6b, and 5-Tb reapectively.

5-3%.9

wWeb Crippling

In addition to shear problems, concentrated loads or reactions at panel sup-
ports, applied over relativelvy short lengths, can produce load Intensities
rhat 2an oripple unstiffened thin webs. The problem of web crippling (s
rather complicated (or theoretizal analysiz because (it involves:

Vo

Non-uni form stress distribution under the applled l1oad and the
adjacent portions of the web.

Elasti~ and {nelasti= stability of the web element.

Local yielding [n the intermediate region of load application.

4, The oending produced by the eccentric load (or reaction) when
[t is applied on the bearing flange at a distance beyond the
cwr-ved transition of the web.

The AISI recomme:ndations have been developed by relating extensive experimen—
tal data to <ervice loads with a mafety factor of 2.2 which was establiahed
taking into acnount the scatter In the data. For blast design of cold-formed
panela, it (s recommended that the AISI values be multiplled by a factor of
1.50 {n order to relate the crippling loads to ultimate conditiona with suffi-
2iant provizions for scatter (2 test data.

For those sentions that provide a 1igh degree of restralnt agalinst rotation of
thel~ webs, the ultimnate crippling loads are given aa follows:

Allowadle uiltimate ed support reaction

, 2y el . . 3
Q, = 1.5 £t (4 0.558 (N/t)’d 5-38

Allowahble ultimate interior support reantion
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Table 5-5 Dynamic Design Shear Stress for Webs of Cold-formed
Members (fds = U4 ksi)

(a) Simple Shear

(h/t) < 57
57 < (wt) < 83

83 < (n/t) < 150

(b) Comhined Bending and Shear

(h/t)

20
30
40
50
60
70

90
100
110
120

£ 22.0 ksl
3

rdv = 0.50 fd

fdv = 1.26 x 10

rdv = 1.07 x 10

]
/ (h/t)

3 (nre)

iy (ksi)

10.94
10.84
10.72
10.57
10.42
10.22

.62
.00
.25
.43
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Table 5-6 Dynamic Design Shear Stress for Webs of Cold-formed
Members (f,q = 66 kai)

(a. Simple Shear

(h/t) < 47
47 < (n/t) ¢ 67

67 < (W/t) < 150

dv
(b) Combined Bending and Shear

(h/t) fqy (ksi)
20 16. 41
30 16.23
49 16.02
50 115="715
60 15.00
70 14.20
80 13.00
90 i)
100 192. 40
110 8.75
120 7.43

d

£, = 1.,54x 103/(1'|./t)

dv

i§ = 1.07 x 105/(2’1/!’.)
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Table 5-7 Dynamic Des=ign Shear Stress for Webs of Cold-formed
Members (f,, = 88 ksi)

(a) Simple Shear

(h/t) < n fdv = 0.50 fds < 4y ksi
¢ (we) ¢ 58 £y, = 178 x 103/ (V)
58 < (W/t) ¢ 150 £y, = 1-07 x 10%/(h/2)

(b) Combined Bending and Shear

(h/t) fqy (ksl)
‘I" 20 21.60
30 21.00
' 40 20.60
50 18.80
60 17.50
70 16.00
80 14.30
90 12.50
100 10.75
110 8.84
120 7.43
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1
Q, = 1.5 rd__r.z [6.66 + 1. 446 (N/t)/q 5-39

where Qu = ultimate support reaction
rds = dynamic design stress
N = bearing length (in.)
t = web thicknesa (in)

The charts [n figures 5-15 and S-16 present the variation of Qu as a function
of the web thickness for bearing lengths fram 1 to 5 inches for f . = 44 ksi

for end and interior supports,

respectively.

It should be noted that the

valuea reported In the charts relate to one web only,

the total ultimate

reaction b2ing obtained by multiplying Qu by the number of webs {n the panel,.

For design, the maximum shear forces and dynamic reactions are computed as a
fuiction of the maximur resistance in flexure. The ultimate load-carrying
capacity of the webs of the panel must then be campared with these forces. As
a general comment, the shear capacity i controlled for simply supported ele-
ments and by the allowable design shear stresses at the {nterior supports for
Xrtinuous panels.

In addition, {t can b2 shown that the resistance {n shear governs only in
cases of relatively very short sapans. If a design is controlled by shear re-
sistance, it {3 recommended that another panel be selected since a flexural
failure mode is generally preferred.

5-35 Summary of Deformation Criteria for Structural Elements

Deformation criteria are summarized {n table 5-8 for frames, beams and other
structirral elements [acluding cold-formed steel panels, open-web jolsts and
plates.

SPECIAL CONSIDERATIONS - BLAST DOORS
5-36 Blast Door Dezign
5-36.1 General
This section outllines procedurex for the design of steel blast doors.
Aaxalytizal procedures for the design of the indlvidual elements of the blast
d00r plate have been presented (n earlier sectione of this volume. In
addicion to the door plate, door frames and anchorage, reversal bolts, gaskets

and don~ operators are discussed. Blast doors are categorized by their
fmotional requirement: and method of opening.
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Table 5-8 Summary of Deformation Criteria

Element Highest level
of Protection
(Category No.) Additfonal Deformation Maximum
(1) Specifications Type (2) Deformation
Beams, purlins, 8 22
spandrels or 1 u 10
girts ] 12°
2 u 20
Frame i [ H/25
structures 0(3) 2°
Cold-formed Without tenzion- 8 i Jgsis
ateel floor and 1 membrane action ) 1.75
wall panels
WAith tenalon-membrane ] Yo
action u 6
] e
Open-web 1 u ]
Jjolats Joints controlled by ] i
maximum end reaction 1] i)
Plates 1 0 2°
u 10
2 0 12°
u 20
9 = maximun member end rotation (degrees) measured (rom the
chord Jjoinalnag the member ends.
- relative sideaway deflection between stories,
H = atory helight.
u = ductllity ratlo (Xm/XE)

(1) a8 de; tned 1n Volume I

(2) whichever governs

(3) {adividral frame member
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5362 Punctions and Methods of Opening
5-36.2.1 PFunctional Regquirements

Blast doors may b2 dexigied to contain an arrcidental explosafon from within a
atructure a0 as to prevent pressure and fireball leakage and fragmeat
propagation, Blast doora may also be desigied to protect personnel and/or
equi pment from the effz=cts of external blast loads. In this case, a limited
amount of blast pressute: may be permitted to leak {nto the protected area.
In most Jases, blast doors may be desigred to protect the coatents of a
agructu~e, thereby negating propagation when explosivea are contained within
the shelter.

5-36.2.2 Method of Opeaing

Blast ddiora may b grouped basad on thei~ method of opening, such as: (a)
ajngle-lear, (b) Jouble-lear, (2) vertical 1lift, aad (d) hortzontal sliding.

5-36.3 Des igya Considerations

5-36.3.1 General

The design of a bdlast door (s [atrinsically related to (ts fuet{on during
and/or after an explosionl. Deelgn conzjderations iniclude whether or not the
don~ 2hould sustain permanent deflections, whether rebound mechaniams or
fragnent protection {2 required and whether prelaure 1leakage 2an be
toleraled. Finaily, the deaign pre:ade range may dictate the type of door
conatruction that is to be used, including =olld steel plate or built-up
Joors .,

5-36.3.2 eflections

A3 atated (. Sectian 16,7, platex can sustain a support rotation of 12 deg-eex
without fatling. Thia {s applicable to blast. doors providing that the
rexylting plate defllectian doea not wollapse the door by pushing it through
the Hpening. However, defiections may have tn be limited {f the mechani=a
wied Lo op2nn the dyor after ain explosion {s required to function. In
adiitinn, i€ 2 blast dou~ i3 desigied with a gazket 30 as to fully or nearly
Mmntatn the presagre and firebal! effects of an explokion, then deflections
=h>ul.l be llmnited in order to [irure satiafactory pecformance of the gasket.

5-36.3.3 Rebound Mechanisms

Sterl Iorr Wil! be sibientel Lo relatively larg? 2iress revergals 2aused by
rehnacid, 3las:, dours nay have LO transfer these reversal loads by means of
revrasiiag pinsg o "reveezal bolta,"”  These2 heads 2an b2 mounted on any edge
{sides, t..p Oor Dottiom) of a doorplate. RQeversal bolts 2a: be designed as an
imegeal part Of taz pi 2 hardwarse aunembly or, If tapered, they 2an be
Liillzed 1t comprenajng Lhe gasket aroinid a4 pe~iphery. The magiitude of the
c2d.4.d forxe aA~ti g 2t tne dlast 1w0rs |2 dizcussed later.

5-36.3.8 Fragment Protection

A plate-typs blast dio~, or the plate(s) of a buiit-up blast door may b sized
¢ prsvent fragnent penetrat{on. However, when the blast door is subjected to
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large blast loads and fragments, a 2upplementary [ragmnent shleld may b«
necessary since the combined effects of the fragmenta and pressures may rause
prematu-e door fallure due to the notching effects produced by the
fragnents. Procedures for edlicting the characteriatica of primary (ragmnents
such as jmpact, veloclty and =aize of fragment are preseated (n Volume IT.
Methods for determining the depth of penetration of fragmenta {nto steel are
given in Sectlion 5-49.

5-36.3.5 TLeakage Protection (gaskets)

Blast doors may be dealgned to partly or Jully contain the presasure and
fireball effects of an explosion in which case gaskets may have to be utrilized
around the edge {f a door or {ita opening. A sample of a gaskat (s {llustrated
in figue 5-17. This gasket will have to be caapressed by means of 4
hydraul {o operator which is capable of overcoming a force of 125 pounds per
linear lnch of the gasket. This gasket is made of neoprene conformiag to the
mater{al callouta [n Note 2 of fligure 5-17.

5-36.3.6 Type of Construction

Blaat dooras are formed from elither 20lid ateel platex or built-up steel
monatruction.

Solid steel plate doors are urually used for the high pressure ranges (50 pei
or greater) and where the door apan is relatively short. Dependitg on plate
thickieasea, these doors may be used when fragment {mpact (s critical. These
plates can range ln thickness fram one lnch and eater. For thick platea,
connectiona using high strength bolts or socket head cap =crews are
recommended {n lieu of welding. However, use of bolts or screws must preclude
the passage of leakage preasures {ato or out of the atructure dependlag on [t=
use.

Built-up doors are used usudlly for the low pressute range and where long
apana are encountered. A typlcal built-up blast door may consiat of a
perlpheral frame made from steel channels with horlzontal channels serving as
intermediate supports for the [aterior and/or exterior steel cover plates.
The pressure loads must be transfered to the channels via the plate. Conmete
or acme other material may be placed between the platea {n order to add mass
to the door or |ncrease [t= fragment resjstance capabllities.

5-36.4 Bxamples of Blast Door Desiqgns

5-36.4.1 General

In order to illuatrate the relatiomship between the function of a blaat door
and [ts dealgn considerations, four examples are presented in the following

=ection. Table 5-9 lists the design requirementa of each of the above door
examplea.

5-36.4.2 Door Type A (fig. 5-18)

This blast door {3 designed to protect personnel and equipment fram external
blast pressures resulting from an accidental explosion. The door opening
measures 8-feet hlgh by 8-feet wide. It is a built-up double-leaf door
consiating primarily of an exterior plate and a thinner interior plate both
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Table 5-9 Deaign Requirements for Sample Blast Doors

Door Descriptlion

Design Requlrements

Permarnent Rebound Fragment Level cf
Deflection Mechanisms | Protection Leakage
Protection
Method Required
Door figure of
Opening None | Lim{ted Yes No Yes Wo Low High
A 5-19 Doub! e-Leaf X X X X
8 5-20 Slidinag X X X
(o 521 Single-Leaf | X X X X
D 5-22 Single-Leafl X X X X
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welded to a grid formed by steel tubes. Support rotations of each elemenc
(plate, channel, tube) have been limited to 2 degreex {n order to assure
successful operation of the panle hardware at the door interior. The di-ect
blast load is transferred from the exterior plate to tubular members wnjchk
form the door grid. The grid then trausfers the loads to the door frame at
the venter of the opening through a set of pins attached to the top and bottom
of the center mul'fions of the grid. At the exterior, the loads are
transferred to the {rame through the hinges which are attached to the exterlor
mullions and the frame. The reversal loads are also transferred by the pinsg
and by the built-up door hinges. The center pins are also operated by the
panic hardware assembly.

5-36.4.3 Door Type B (fig. 5-19)

This blast door {a designed to prevent propagation from an accidental
exploaion [nto an explosives stonrage area. It iIs a built-up, slidiag door
protecting an opening 11-feet high by 16-feet wide, consfating of an exterior
plate and a thianner Iiaterlor plate. These plates are welded to vertical
S-shape2s which are spaced at 15-inch iatervala. This door (s deaigned to act
as a one-way member, =panning vertically. Since flange bduckling of the
S-shapes |s prohibited in the presence of the outer and {nner platea actinag as
braces, the composite beamplate arrangement Ia designed fo~ a support
rotation of 12 degrees. The yield capacity of the webs of the S-shapes [0
ahear (eq. S5-'6), as well as web crippling (Section 5-25), had to be
nonajdered in the design. This door has not been designed to reajst reversal

or rehound forces.
5-36.8.8%4 Door Type C (fig. 5-20)

This single-leaf blast door [s designed as part of a contalnment cell whizh {s
used {n the repeated testing of explosives. The door opening measures 4'-6"
wide by 7'-6" high. It is the only door, in these =amples, des|zned
elastically sirice it is subjected to repeated blast loads. It ronsists
primarily of a thick steel door plate protected from test [lragments by a mild
steel fragment shield. It is desigied as a simply-supported (four sides)
plate for direct [nternal loads and as a one-way element =pannjng the c¢Hor
width for rebound loads. It is equipped with a neoprene gasket around the
periphery (figure 5-17) as weil as a series of six reversaal bolts demigned to
transfer the rebound load lnto the door frame. The large tihicknass of the
dcor plate warrants the use of high-strength, aocket head cap screws {a lieu
of welding to coanect the plate to the reversal bolt housing as well as to the
fragnent shield.

5-36.4.5 Door Type D (fig. 5-21)

Thia s{agle-leaf blast door {s des{gzned as part of a contaimment structure
which {8 used to protect nearby personnel and structures [n the event of an
acci dental explosion. The door opening measures four feet wide by seve:n feet
high. It ls desigred as aimply-supported on four sides for direct load and as
a orle-way element spanniang the door . _.th for rebound loadz, It [s equipped
with a neoprene gasket around the periphery and a series of six rever=al boltx
whizh transfer the rebound 1oad to the door frame. The reversal bolt hous{ng
aind bearing blocks are welded to the door plate. Excessfve deflections of the
door plate under blast loading would hamper the sealing capacity of the
gasket . Consequently, the door plate design rotation (s limited to 2 degrees.

87~




-
[Cmmo)
r‘ = .
’ : [ ]
' | aa
I | g I T BLAST
l ! | | : © DETAIL LOAD
_l
5 : , - SECTION
: | I Tee—_——
’ ' : ¢ sio
E:{ | : il
. I ' INTERIOR R. |~ PLUG WELD
! F%'#x_—_:n
: 16-0" k T
) N1 =TV
L)
EXTERIOR R
EXTERIOR FACE OF SLIDING DOOR —

Figure 5-19 Horizontal sliding blast door

W O Ty TR AR




(:) BLAST
LOAD

=  —
v“ 3
v] W
A
] ’ '
* i Y —— : : ': E /
b - —
i 1 17
L )
SECTION
3.1 3 1= (:)-tﬂNGE ()~ REVERSAL BOLT HOUSING
i @—V i ) REVERSAL BOLT (CIRCULAR
. CONTINUOUS GASKET T b el
1 (C)- SOCKET - HEAD CAP SCREWS (1))~ ROD TO LOCKING MECHANISM
rorr (D) - MILD STEEL FRAGMENT SHIELD ) - GAGE METAL COVER PLATE
SEEMTIONIRE B ST B (E)- THICK BLAST DOOR PLATE () -DOOR FRAME STIFFENER R
(F) - DOOR FRAME

Flgure 5-20 Single-leaf blast door with fragment shield (very

kign preasure)




-0[-

ELEVATION OF BLAST DOOR

Figure 5-21

SECTION

LEGEND:
(A)- STEEL FRAME EMBEDDED IN CONCRETE.
(B) - CONTINUGUS GASKET
(C) - BEARING BLOCK
« BLAST DOOR PLATE

(E) - DOOR HINGE
- REVERSAL BOLT HOUSING

- REVERSAL BOLT

= BAR CONNECTED TO CLOSURE MECHANISM
- STEEL FRAME EQUIPPED WITH BLAST DOOR
- LIGHT CAGE COVER PLATE

OO290

Single-leaf blast door (high preasure)

- PRI o oy

=, ) R YR




5-36.3.6 Other Types of Doors

- Anothzr type of blast door desigi {a a ateel arch or "buw"™ door. The tansion
arch door requires campression tiea to develoup the campreszion reactions from
the arch. The comprexzion arnch door requires tensisn membera Lo devalap the
tension reactions from the arch. These doors are {llustrated In figue 5-42,

5-36.5 Blast Door Rebound

Plate or element rebound ©an be determined for a =zingla-degree-of-freedim
system subdjected to a tr{angular pulse (see figure 5-13). However, when a
system {s subjected to a bi-linear 1oad, only a rigorous, 3tep-bDy-atep dynamice
analysis can determine the perceatage of elastic rebound. In lleu of 4
rigorous analyais, a method of determining the upper bound »nn the rebound
force i[s presented here.

Three possible rebound scenarios are discussed here. Figuae2 5-22 {3 helpful
{n deacribing each case.

{a) Case I - Gan load ot present (Pgas = 0). In this case,

the required rebnund resistance !s obtained from f{gure
5-13.

. (b) Case Il - t_ ¢ t
m- i

In thia case, the required rebound rexlsataics {8 agaln
nbtained from figue 5-10. This procedure, however, can
overeatimate the rebourd load.

(¢) Ca=e III - te > t

Figure 5-22 illus*rates the case whereby the time to

reach the peak response, t fa greater than the point

ml
where the gas load beglns to act (tl). Asauming that the

gas pressue 2an be ronsidered coimtant over a period of

time, {(t will act to 1lower the required rebound
resiatance 23ince the resistarice time curve will o=cfllate
about the gas prexsue time curve, In this case, the

upper bound for the required rebound resistaice {s:
rsr =P 5-40

However, 11 all three casea, {t {2 recommended that the required rebound
resistance be at least equal to 50 percent of the peak positive door response.

5-36.6 Methods of Design

5-36.6.1 General

Technigies used for the deaign of two typex of blast doors will be
‘ o demonatrated. The first technique is used for the door {illustrated in figue

5-189 while the second I= used for the door shown ia figure S5-21. Detailed
orocedurea for the design of plate and beam elements, as well as the related
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?I = TIME AT WHICH SHOCK AND GAS LOADS INTERSECT
tm = TIME TO REACH MAXIMUM RESPONSE

Figure 5-22 Bilinear blast load and single-degree-of-freedam
response for determining rebound resistance
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deslgn «riteria, are presented [n earlle~r sections of this wlume and
numerical examples are presented [In appendix A.

5-36.6.2 Built-up Door

The biilt-up =teel door show: in flgure 5-18 {8 comstructed by welding the
ateel plates to the steel tubular grid (fillet welded to the exterior plate
and plug-welded to the interior plate). The heavy exterior plate is dealgned
as a continuous member supported by the tubes. The horizontal tubes, in turn,
are dealgied as simply-supported members, tranaferring load to the vert{cal
tubes. The {nterior tubes are also designed as simply supported elements
which transfer the alrect and rebound loads to tne pins while the alde tubex
transfer the direct load to the door frame pruper aind rebouid loads Lo the
hinges. The exterior tubes are also deaigied as almply suppirted elements
with the =upports located at the hinges.

5-36.6.3 Solid Steel Plate Door

The ateel plate of the biast door shown {n figure 5-21 {s {nitially sized Cor
blast pressues =ince no high apeed fragments will be generated in the
facility. The plate {s sized for blast loading, considering the plate to be
simpl y-supported on fou edges. The direct load is transferred to the (our
sides of the door frame. In rebound, the plate acts as a simple beam =pannjng
the width of the door opeaing. The rebound force |3 transferred to the s{x
raverzal bolta and then into the door frame. The door frame, as [llustrated
in figure 5-19, consists of two units; the first unit {s embedded {nto the
concrete and the second uiit (s attached to the first one. This arrangement
allows the first frame to be {nstalled (n the concrete wall prior to the
fabricatinn of the door. After the door construction {a completed, the
subframe (s attached to the embedded frame and, thus, the door j{nstallation (s

completed.

TOLUMNS AND BEAM COLUMNS

5-37 Plastic Design Criteria

5-37.1 General

The design coriteria for ocolumnz and beam columnhs must acocouit for their
behavior not only as individual members but also as members of the overall
frame =tructure. Depending on the nature of the 1oading, several design casaes
may be encountered. Listed below are the necessary equations for the dynamic
de=ign of steel columns and beam columns.

5-37.2 In-plane Loads

In rhe plane of tending of compress{on members which would develop a plastic
hinge at ultimate loading, the alenderness ratio &/r shall not exceed the
conatant (C,) deflned as:

2 172
Cc = (27°E/f s) 5-11

d
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where, E =~ modulus of elasticity of steel (psi)

S dynamic design stress (see Section 5-13)

The ultimate strength of an axially loaded compression member shall be taken

as:

- =) -
Pu 1.7Ai-‘a 5-42
where A = grosa area of member,

2P re
(1 (K2/r) /ZCc ]fds

F, = ———=—=—om=u-

®  5/3 + 3(k/r)/8C, - (Kl/r)3/8C2

, and 5-43

KL/r = largeat effective slenderness ratio listed
in table 5-10 or 5-11

5-37.3 Combined Axial Loads and 5iax’il Bending

Members subject to combined axfal load and biaxial bending moment should be
proportioned 30 as to =satisfy the following set of interaction formul as:

“ o = p ‘
l'-‘/Pu + meMx/(‘l P/Pex)me ™ \.myHy/(I P/.ey)My < 1.0
5-44 B

P/P_ + M /1.18M + M /1.18M < 1.0 for P/P_ > 0.1
P X px 'y pY = g 20S

5-45
or M /M + M/M < 1.0 for P/P_ < 0.15 5-46
X px y Py - p
where Mx' Hy = maximum appl led moment: about the x- and y-axes
P = applied axial load
- '
Pex 23/12AFex
P = 23/12Ar!
ey ey
F' = 12n%E/[23(KL, /r_)°]
ex b’ x )
, 2 2 ’
Fey 127 E/[?B(Kib/ry) ]

2. = actual mbraced length {n the plane of bending ) :
o
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r_, r_ = corresponding radi{ of gyracion

Pp = Ards

c..,C = coefficients applied to bending term {a Interastion
formula and dependent upon column curvature laused by
applied moments (AISC Specification, Section 1.6.1)

M . M = plastic bending capacitlies about x a:ind y axes

- = 7
(Mpx fods. Mpy "yrds)

M , M = momenta that 23n be resisted by the member (1 the
absence of axjal load.

For columns braced [n

the weak direction, me = Mpx and %y = pr.

When culumne are unbraced [n the weak direction:

M -
mx

M =
oy

Subscripts

x and y indicate the axis

)
<
(8]
[}
&
-~

172
[1.e7 - (i/ry) (Fye) /3160]Mpx Moy

5-58

~
x

' 172
{1.07 (2/r ) (rds) /3160]pr_ oF

of bending about which a particular

design property applles.

Alao, columns may be considered braced in the weak

direction when the provisions of Section 5-26 are =atialied. In addicion,
beam columns should 12150 2atlafy the requi~ements of Section 5-23.

5-38 Effective Length Ratios for Beam—column=s

The basia for determining the effective lengths of beam columna for us=e (n the
calaulation of Pu' Pex' me, Mmy {n plast{~ design is outlined below.

For plastically designed bdraced and undraced planar frames which are supported
against displacement normal to thei{r planen, the effect{ve length ratlio=s in
tables 5-10 and 5-11 shall apply.

while
L is

Table 5-10 corresponds to bending about the satrong axis of a member,
table 5-11 corresponds to bending about the weak axis. 1In each case,

the dlstance between points of lateral support corresponding to ry OF I'y. 33

applicable. The effective length factor, K, in the plane of bending shall be
governed by the provisions of Section 5-40.
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Table 5-10

Effective Length Ratios for Beam Columns
(Webs of members {n the plane of the frame;
bending about the strong axis)

f.e.,

Cne-and Two-Story
graced Planar Frames#® Unbraced Planar Frames®*
Pu Use larger ratio, l/ry or 1/rx Use larger ratio, l/ry or K!./rx
Pex Use llrx Use Kl/rx
M Use /r Use 2/r
mx y Yy
® l/r'x shall not exceed Cc'
Table 5-11
Effective Length Ratios for Beam Columns
(Flangea of members {a the plate of the frame: |.e.,
bending about the weak axis)
One- and Two-Story
draced Planar rFrames® Unbraced Planar Frames*
Pu Use larger ratio, 1/ry or llrx Use larger ratio, Z/rx or r(l/r'y
B Use L/r Use X2/r
ey y 5
M Use /r Use L/r
my X X

'k/ry shall not exceed Cc'
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For oolumns subjected to biaxial bending, the effective lengths giwn [a
tables 5-10 and S5-11 apply for bending about the respuctive axeas, excepl that

Pu for wbranced frames 3hall be based on the larger of the ratfo

Ke/r_ or K/r . In addition, the larger of the slendernexs ratjioas,
L/r‘x or ?.ry, fhall not exceed C,.

5-39 Effecti ve Length Factor, K

In plastic design, (t (s usually sufficlently accurate to use the K factora
from table C1.8.1 of the AISC Masual (reproduced here a3 table 5-12) for the
condition clo=est to that [n queation rather than to refer to the aligwment
chart (Fig. £.1.8.2 of AISC Manual). It is permissible to lnterpolate between
different conditions in table 5-12 usiag engineering judgment. In general, a
design value of X equal to 1.5 is conservative [or the columns of uibraced
framea when the base of the oolumns {3 as:umed plianed, since oconveaitinnal
colunnt base details will usually provide partial rotatlonal reatraint at the
column base. For glrders of unbraced framea, a desigr K value of 0.75 i=s

recommended .

FRAME DESIGN

5-40 General

The dynamic plastic desigr of frames (or blast reslstant structurex [a
oriented toward Industrial building applications common to ammunition
manwfacturing and storage facilities, l.e., relatlively low, single-story,
multi-bay satructures. This treatment applies principally %o accaptor
structurex subjected to relat{ively low blast overpressues,

The de=sign of blaat resistant frames (s characterized by: {a) simultaneous
application of vertical and horizontal pressuretime lcadings with peak
pressures considerably In excess of conventlonal loads, (b) design crite-~ia
permitting 1nelastic 1local and overall dynzsnic atructural deformations
(deflections and rotations), aid (o) design requirementz dictated by the
operational needs of the facility and, also, the need for reusability with
minor repair work after an incident must be considered.

Rigld frame oonstruction {=s recommended In the deslgn of blast resiatant
structues slnce this aystem provides open interior =space canbined with
substant{al resfstance to lateral forces. In addition, rhis type of
nonstruction possesses inherent energy absorption capability due to the
auccressive de elopment of plastic hi~ges up to the ultimate capacity of the
structuwe. However, where the [nterjior apice and wall opening requirements
permit, {t may be as effective to provide braciag.

The particular objective in this section is Lo provide rational procedures for
efflciently performing the preliminary dealgn of blast resistant frames.
Rigid frames as well as frames with supplementary bracing and with rigid or
non-rigid connections are ~onzidered. In both cases, preliminary dynamic load
factors are provided for estatlishing equivalent static loads [or both the
local and overall frame mechaniam. Based upon the mechani=u method, as
employed in static plastic design, estimates are made for the required plaztic
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Table 5-12 Effective Length Factors for Columns and Beam-columns

(a) (b) (c) (d) (e) (f)
APARRIEMEFIEX.
'4af‘ 22 ‘ﬁ%‘ Za o)
/I / q" \ ?II -\i
Buckled shape of | / ! ,’ \‘ / |
- ! ! |
column is shown . |‘ ! I 1 |
by dashed line. |\, \ ! i /
\ y /)
\ \
t £ 1Y |t

Theoretical K value.| 0.5 0.7 1.0 1.0 2.0 2.0

Recommended

design value when | o5 5 g5 ;.2 Lo | 210 | 2.0
ideal conditions

are approximated.

Rotation fixed and transiation fixed.

? Rotation free and transiation fixed.

End condition code.
Rotation fixed and translation free.

Rotation free and transliation free.
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bendi:ig capacities as= well as approximate values for the axial loads a:nd
shears [n the frame members. The dynamic deflectiom and rotations [an tne
wideway and 1local Ddzam mechanism mnodes are estimated based upon single
degree-of-freedan analy=es. The design criterla and the procedus
eatabl {shed for the design of Individual members previously discussed apply
for this preliminary desig procedure.

In order to confirmm thdat a trial design meets the recommended defommation
criteria of Table 5-8 and to verify the adequacy of the member =2fzes
eatablished on the basis of estimated dynamiz forces aind maments, a rigorous
frame analysis should be performed. Thi=s analysis should roasider the momentn
produced by the axial load deflection P-delta effects) [n determining the
s{zes of individual elements. Several camputer programs ar<e avaflable through
the repositories listed {n Section 5-4, These programs haw: the capabilizy of
performinig a multi-degree-of-freedom, nonlinear, dynamlic analysis of braced
and uibraced, rigid and non-ri{gid frames of one or more =tory structures,

5-41 Trial De=ign of Single-Story Rigid Frame=
5-41.1 Collapse Mechanisms
General exprezxsions for the possible collapse mechanisam of single-story rigid
frames are presented in table 5-13 for pinned and 1l xed baze frames sudjected
to combined vertical and horizontal blast loads.
The o9jective of this trial design is to proportion the (rame members such
that the governing mechanism represxents an eoconomical solution. For a
particular frame, the ratio of horizontal to vertical peak loading, denoted by
a, s t{nfluenced by vhe horizontal frame plan of the structure and (=
determined as follows:

a = Qh/qv 5-49
where:

- pvbv = peak vertl2al load on rigid frame

phbh = peak horizontal load on rigid frame

blast overpressure on roof

O
[ ]

reflected blast pressure on front wall

o
[ ]

tributary width for vertical loading

o
[}

tributary width for horizontal loading

The orientation of the roof purlins with reapect to the blast load directions
are shown in figure 5-23. The value of a will usually lie ln the range from
about 1.8 to 2.5 when the direction of the blast load is perpendicular to the
roof purlinz. In this case, the roof purlins are aupported by the frame and
the tributary width {s the same for the hor{zontal and vertical load. The
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Table 5-13 (Collapse Mechanisas for Rigid Frames with Fixed and
Pinned Bases

PLASTIC MOMENT Mg
PIRNED BASES FIXEC BASES

|
18 16

BEAM MECHAMISM

COLLAPSE MECHANISM

2 -
; | awH? awh?
4(2C+!) 4(3C+1)

BEAM MECHANISM

3a
T 1| Tt |
2 2+({n=1)C, a 1+(n=-1)Ci+C

PANEL MECHANISM (c2a® 2™
»
u-n‘ awH? [}
4n 2 2(n+CHn-1)Ci
PANEL MECHANISM cS2)* eSa*
4 n I..'

t —
2, LY N S
aa@n+Lh) 2 2(2n+C)H(n-1)Cs

COMBINED MECHANISM

“} / /3 7 % awh? ia-ﬂ'
c+t+L(n-n 2c4(a-nCi+L
COMBINED MECHANISM 2 2 20| 2 2™
Sb % awh? %uwn'
C+(n--z'-) %Co(n-l)%'-+(n-%)
COMBINED MECHANISM ©Sa* e a*
J w 2 2 w 2 2
/1——7\</7\7 7 [Bant+n-0f] | F[3aut+m-nt]
3 3 -p& -3
COMBINED MECHANISM C+2n-5) 2 CHin-N3 H2a-3)
A
| - - S o o s b o
Mp o —
i n3NUMDER OF BAYS
aw CMp CiMp H 1 z1,2,3
]
1
! WIUNIFORM
v J.ov g v EQUIVELENT
) : ' i STATIC LOAD |

# FOR C;» 2 HINGES FORM IN THE GIRDERS AND COLUMNS AT INTERIOR JOINTS.
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ROOF
PURLIN

FRAME

2 DIRECTION OF BLAST LOAD
PERPENDICULAR TO ROOF
DIRECTION OF BLAST LOAD PURLINS ( b,=by )
PARALLEL TO ROOF PURLINS .
( b,>b, )

Figure 5-23 Orientation of roof purlins with respect to blast load
direction for frame blast loading

=81=




value of a {as much higher when the direction of the blast load is parallel to
the roof purlins, In this case, the roof purlins are not supported by the
girder of the frame and the tributary width of the vertical loading (bv =

purlin spacing) {2 much smaller than the tributary width of the horizontal
loading (bh = frame spacing).

It {2 assumed in this procedur: that the jlaztic bending capacity of the roof
girder, Mp. is constant for all bays. The capacity of the exterior and
interior columns are taken as CMp and CiMp' respectively. ince the exterior
column {a generally subjected to rcflected pressures, it Is recommended that a
value of C greater than 1.0 be =selected. In analyzing a given frame with
certain member properties, the controlling mechanism is the one with the
loweat resjistance. In design, however, the load {= fixed and the required
design plastic moment (s the largeat Hp value obtained from all possibie

mechaiisma. For that purpose, C and C, should be selected s0 as to minimize
the value of the maximum required Hp from among all possible mechanisms.
After a few trials, it will become obvious which cholice of C and C' tends to

minim{ze the largest value of Mp.

5-5;.2 Dynamic Deflections and Rotations

It will normally be more economical to proportion the members =0 that the
controlling failue mechanism {s a combined mechanism rather than a beam
mechan{=am. The mechanism having Gthe least resistance constitutes an
acceptable mode of failure provided that the magnitudes of the maximum
deflection= and rotations do not exceed the maximum values recommended in
Table 5-8.

5-41.3 Dynamic Load Pactors

To cbtain fnitial estimates of the required mechanism res{stance, the dynamic
load factors listed in this section may be used to obtaln equivalent static
ioads for the {ndicated mechanisms. These 1load factors are necessarily
approximate and make no distinction for different end conditions. However,
thay are expected to result in reasonable estimates of the required resistance
for a trial de=ign. Once the trial member =aizes are established, then the
natural period and deflection of the frame can be calculated.

It 13 recommended that the DLF for a beam collapse mechanism be equal to 1.25
while that for a panel or combined collapse mechaini{sm be equal to 0.625. The
DLF for a frame l[a lower than that for a beam mech2aism, since the natural
period cf vibration in the sidesway mode will normally be much greater than
tne natural perinds of vibration of the individual olements.

S-81.4 Loads in Frame Members
£atimates: of the peak axial forces in the girders and the peak shears in the
20lumns are obtained from figue 5-24. In applying the values of figure 5-24,

he equivalent horizontal static load shall be computed using the dynamic load
factor for A panel or combined =idesway mechanism.
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/
Ry/4 3/8Ry R,/8
EE-,. anzl :I% E!_.. n=2
L 1) —o'-’ 1;’ —'JP
3/4Ry Ry/4 S/8Ry Ry /4 Ry /8
Ry /2 Ry/2-Ry/2n Ry/2n
R
4 nz23
4 — —_———
6—’ 7’-0 b‘f O-’
Ru/z Ru/Zﬂ Ru/Zﬂ Ru/2n Ru/2n
Ry/5 3/10Ry 3/20Ry
52—.. n=| E!-'. n=2
T;t’» =— —1> —1>
AC. P 4
4/5Ry Ry/5 T/I0Ry 3/20Ry 3/20Ry
Ry/3 Ry/3-Ry/3n , Ry/3n
&‘—) nz3
—> > —> 1> -+
V4 my m iy o
2/3Ru Ry/3n Ry/3n Ry/3n Ry/dn

n = NU'BER OF BAYS

Ry=awH= EQUIVALENT HORIZONTAL STATIC LOAD

Figure 5-24 Estimates of peak shears and axial loads in rigild
frames due to horizontal loads
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Preliminary values of the peak axial loads in the columnz and the peak shears
in the girders may be computed by multiplying the equivalent vertical static
1oad by the roof tributary area. Since the axial loads ia the columns are due
to the reaction from the roof girders, the equivalent static vertical load
should be computed using the dynamic load factor for the beam mechanism.

5-81.5 Sizing of Frame Memders

cach member [n a frame under the action ¢of horizontal and vertical blast loacda
ls subjected to combined bending moments and axial loads. However, the
phasing between critical values of the axial force and bending moment camot
be 23tadblished using a =implified analysis. Therefore, it is recommended that
the peak axial loads and moments obtained from figure 5-24 be assumed to act
concurrently for the purpose of trial beam-column design. The overail
resistanre of the frame depends wupon the ultimate strength of the members
acting as beam-columns.

When an exterior frame of a bdbuilding is positionea such that the shock front
is parallel to frame, the loadings on each end of the building are equil ana
sideway action will only occw [In the direction of the shock wave
propagation. Frame accion will alao be [n one direction, namely, in the
direction of the =sidesway. If the blast wave impinges on a building fror a
quartering direction, then the columne 2nd girders in the exteriur frames sre
subjected to biaxial bending due to the simultaneous loads actin. on tine
various faces o!' the satructure. This action will also rause 2idesway in both
directions of the structure. The iaterior girders will uswvally be subjected
to bending tn one direction only. However, interior columne may be a.bjected
to either uniaxial or blaxial bending, Jepending upon the cclumn conaectlions
to the girde~ system. Ia such cases, the moueats and forces can be calculated
by analyzing the response of the frame i1 e~ch direction and superimposiag the
rezpective moments and forces ac*ing on the incdividial elements. This
approach (=2 gener-lly ~onservative aince (t as=umes tha:. the neak values of
the forces 1n one direction occur simualtaneously throughout Cthe three-
dimenaional structure.

Havi 1g entimated th2 maximum valuse cf the forces and moments throughout the
frame, the preliminary =izing of the members can be performed using the
eriteria previously presented for beams and columns.

5-41.6 Stiffness and Deflection

Th: stiffness factor K for siagle-story rectangular (rames subjected to
uniform hor{zontal loadiag is defined {n table 5-14. Considering an
equivalant single degree-of-freedom system, the =idesway natural period of
thias frame {a:

1/2
Ty ~ 2n(me/KKL) 5-50
where KL is a load factor that modifies K the frame stiffne>: due to a uniform
load, 30 that the product KK iz the equivalent atiffnexs die to a unit load

applia2d at the equivalent lumped mass m_. The load factor is given Oy:
2
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Table 5-18 Stiffness Factors for Single Story, Multi-bay Rigid
Frames Sudjected to Uniform Horizontal Loading

STFFNESS FACTOR K= %u.cz.[n(o.'r -0.18)(n-11]

n = NUMBER OF BAYS

_ Iq o
B = BASE FIXITY FACTOR' EII l IE |
Ig /L .

0 *Tw (0.7340.258) /H

Ica® AVERAGE COLUMN MOMENT
OF INERTIA= T Ic /An+l)

C2
o B-1 0 |B=05¥|B=0
028 | 26.7 14.9 3.06
0.50 | 32.0 17.8 | 465
100 | 37.3 20.6 6,04

# VALUES OFCp ARE APPROXIMATE FOR THIS B
!t B =10 FORFIXEDBASE
*0.0 FOR HINGED BASE

?
!
:
t
3

WHERE:

E= MODULUS OF ELASTICiTY(PS)
Icgs 1gs e = MOMENT OF INERTIA(INS)

H= HEIGHT (FEET)
L= BAY LENGTH(FEET)
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KL * 0.55 (1 - 0.258) 5-51%

where B {2 the barne fixity factor and ia equal to 2ero and nne for plnned base
and fixed base framen, respactively.

The equivalent mass a, to by used [n calculating the pariod of a sidesway mode

nonsiats of the total roof manss plus 1/3 of the column and wall masses., Since "

all of theme masses are consjidered to be condentrated at the rodf level, the

mass factor, KH' Ia aqual to oOne, »
’ ﬁ

Tiw llaiting resistance R, 18 glven by:

- Ru e awh 5-52

vhare w |l* equ4:. tOo the aquivalent statl? uniform loaa bited orn the dyaaal:2
load fastor for a panel or cowdined sidesway mechan sm. -

The aquivalant e]lasti> deflection )(z crretponding to R, is:

XE . RU/KE 5-93
Know!ing Lhe =nidesway resxjistancs R and the sidesway natwral perlod of .
vib~atjor T tnhe ductility ratio {y), for the sldesway deflection of the .

\np
frame ~ai be ~ompu.ed usjng the dmamic rerpoime charts (Volume [1I). The

@max!mumn delflection Xm ls then calaulated from:

Xn - ,lXE 5-54
whera:

u = dudtility ratis in sf{denway.
542 Trial Design of Singie-story Frames with Supplementary Bracing

5-42.1 General

Frames with supplementary braciig =an ~mist of (a) rigld framer {a One |
direcrion and Staviug | the other dlrection, (b) braced frames [n two ‘
di~ectide «“ith ~igld wnaentioms, and (o) braced framex i3 two direction

Ww.lh pinied manentions, Mot braced [rames utlllze pinied manections,

52,2 Collaps~ Mechanisms

Tne pryenjdle n,1lapee mechan|eams of af:ngle-atory frames »{th diagonal tensjon
ranitg (X-raning) are preseited 10 tables 5-15 and 5-16 fu~ pinned-bdbase
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Table 5-15 Collapse Mcchanisas for Rigid Frames with Supplementary

598 IS I g S A TN BV RSN ok b it 0 o A L 74 5

Bracing and Pinned Bases

COLLAPSE NETHANISM

PLASTIC MOMENT N,

]
wi?
8
SEAM MECHANISM
2
awH!
4(2C+1)
BEAM MECHANISM
3¢ © 2
a wH - |
( 5 -mAyfqe Hoos )') TR
PANEL MECHANISM - (g 2)*
EY
awﬂt_ mApfds Heos Y
4n 2n »
PANEL MECHANISM (> 2)
4
2 Ap fqs Hecos
eln(aH +£—L’}-—u‘—m o 14
COMBINED MECHANISM
Se p- i-awﬂz—ikbfd. Hecos Y
1  Ci
COMBINED MECHANISM C+5+35(n-1) 2™
% %cunz--"éhb fgs Hcos Y
COMBINED MECHANISM c*("'%) c52)*
. —;—[SQH‘b(n-I)LJ-%Abf“ Heos Y
COMBINED MECHANISM C+ (2"‘%)

::naprr:n:!:nmmunx:: m ENUMBER OF

BRACED BAYS

| »® NUMBER OF
H | BAYS:1,2.8...

I weuniForM EQUIVAL -

ENT STATIC LOAD

¥ FOR Ci 52 HINGES FORM IN THE GIRDERS AND COLUMNS AT INTERIOR JOINTS.
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Table 5-16 Collapse Mechanisas for Frames with Supplementary
Bracing, Non-rigid Girder~to~Column Connections and
Pinned Bases

COMBINED MECHANISM

FRAMI
COLLAPSE MECHANISM ULTIMATE CAPACITY ’*TYP;“’
BEAM MECHANISM Ry = wl A
EXTERIOR GIRDER Mp = wl /ie
2
7T v eea @
BEAM MECHANISM Mp = wl® /g a
INTERIOR GIRDER " ® ®
YT wews |©0G
]
BEAM MECHANISM Mp = i ®
BLASTWARD COLUMN
*VVM Ay * awH/2meosY |(DB®)
Af, = 9¥ ) 2Mp @
PANEL MECHANISM bds © 2mcosy mrcosy
LT
3awH _(2C+DMp
Afds = o @

4mcosy mHcosy

GIRDER FRAMING TYPE:

GIRDER S!MPLY SUPPORTED BETWEEN COLUMNS
GIRDER CONTINUOUS OVER COLUMNS
GIRDER CONTINUOUS OVER COLUMNS AND RIGIDLY

CONNECTED TO EXTERIOR COLUMNS ONLY

WIIIIIIX
[ d

7

oy

Ayfas

R 1 m 3 NUMBER OF
W BRACED BAYS
) w = UNIFORM
Mel 1t | EQUIVALENT
e STATIC LOAD
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frames with rigid and non-rigid girder-to-lumn connections retpectively. In
thee tables, the cross—wmecti{onal area of the tension brace L denoted by Ay

the dyamic desigy stress for the Mraci{ng member la rd_,. and the number of

braced bays (s denoted by tha parameter nm. In each Case, the ultimate
capacity of the frame {s expre+sed In terms of the eqilvalent atatie load and
the member ultimate strength (elther Hp or Abrd,). In developing thess

axpressions |7 the tables, the aame asaumptions were made as for rigid franes,
1.2., Hp for the roof girder {s comtant for all bays, tha bay w.dth, L, ls

oonstant, and the ooluan moment capacity 2ocefficient, C, is greater than 1.0.

Ffor rigid frames with tension bracing, it Is necessary to vary C, C;., and A,

{n order to achlieve an acomomical design. When nomrigid gl~der teo colunn
connections are used, C and C; drop out of the resi{stance fuiction for the

a{deaway mechanism and the area of the bracing can be calculated dlrectly.
5-42.3 Bracing Ductlility Ratio

Tenrion brace memb2ra are not expected to remaln elastle under the Dblant
loading. Therefore, (t {8 necessary to detarmine {f tlis ylelding will Dde

exceasi{ve when the system {s permitted to deflect to the limita of the deaign
criteria previously given,

The duct{lity ratio associated with tensjon yleldlng of the bracing {s delined
as the maximum =2train In the brace divided by Its yield strain. Assunming

small deflectiont and neglecting axlal deformat{ons [ the glrders and
colunns, the ducti{lity ratio {s given by:

uag (coazY)E/Lfd‘ =5Y

where
u = ductility ratio
8 = ajdesway deflection, lnchee
Y = vertical ang.e between the braclrg and 4 horizontal plane
L = bay widiln, inchea

From the defletion criteria, the aideaway deflection |=s linited to H/25. The
ductility rati{> ca: be expressed further as:

w = (H/25L) (oo V) (E/E ) 5-56

5-82. % Dynamic Load Pactor

The dymnamic load factors 1lsated [n Section 5-41.3 may also be used ar a
ratlonal starting point for a preliminary design of a braced frame. In
general, the s{desway atiffness of braced frames |s greater than uidraced
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frames and the currexponding panel or sidesway dynamic load factor may also be
greater. However, since these dynamic load factors are necessarily
approximate and serve only a3 a starting point for a prellminary design,
ref{inements to theae factores for frames with supplementary dlagonal braces are
not warranted,

5-42.5 Loads in Prame Members

Estimatea of the pzak axial loads {1 the girders and the peak ahears [n the
coluns of a braced rigid frame are obtained from figue 5-25. It should be
loted that the shear {n the blaatward column and the axial load {n the
exte~ior girder are the same a3 the rigid frame shown {n figure 5-24. The
shearas [a the {(1terlor columna V2 are not affected by the braces while the
axial loads in the |aterlor girders P are reduced by the horizontal components
of the force (1 the brace FH' If a bay ls aot braced, then the value of FH

must -be set aqual to zero when calculating the axial load {n the glrder of the
next braced bay. To avold an error, horizontal equilibrium should be checked
ueing tne formula:

- [ 27
Ru Vi o« nv2<»m.}‘l 5=51

whera

Ru. Vi, V2 and FH are deflned |1 figure 5-25

1 = yumbsr of bayn
7 = unber of brazed bays

I1 addftion, the value of M, usad (n fligure 5-25 {ia =simply the deasign plastiz

ol
moment obtiined (rom tha controlling panel or combined mechani=m.

An extimate 9 the p2ak loads for braced (rames with non-riglid girder to
Mlur, no1rationa may he obtalned using figure 5-25. However, the value of
4, mast > net equal tn zero. For such caszes, the entire horizountal load =
ti<e1 by the exterior ~olimn and braciug. There (s no shear force In the
titerjior xlumns,

Prel imita~y valaes of the peak axixl load: (1 the columna and the p2ak shearas
fan Lhe girdera are obtained {a the same manaer as rigid frames. However, {n
map.iag th- axfial 1nade ia the mlumns, the vertical aponents of the
Torees g Lhe tensinng bracesa muet be Added Lo the vertlical ahedar in the roofl
gicdera . The verctl 2l papaneat of the force: {0 the bracwe (3 given by:

Fo = A0 sin Y 5-53
Tree rreantinne frun the beacve: 4ill al=wo affect Lhe load on th Jowidation of
Y e, thecefore, Lhe dodggn of Lhe Ffootjags muat include Lheae loads.,
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P P2 P3
1
Fy »*
L Ry \ I v,'o\ H
*> *>
vi y V2 vz% Fy

Ry ®* awH

VI = Ry/2+Mp/H
Pl = R,/2-Mp/H
P2 = Pl -V2-Fy
FH = Apfdgcos Y
Fy = Apfds sin”
V2 = Ry/2n-Mp/nH
P3 = P2-V2-Fy

Pn ' P(ﬂ‘n‘VZ'FH

Figure 5-25 Estimates of peak shears and axial loads in braced
frames due to horlzontal loads
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5-42.6 Stiffness and Deflection

The eqQiatlons for determining the sidesway natural pariod of vibration and the
deflection at yifeld for braced frames are aimilar to that of rigid framen.
The orimary difference {s the laclusion of the horizontal stiffness (X,)

provided by tension bracing. The equationa for the natual period and elastic
deflection are as follows:

natutal period of vibration:

172
TN - 2% (',’KKL » Kb)] 5-59
and the aqulvalent elastic deflection is:
XE - Rul(KKL * Kb) 5-60
The ho~izonta, stiffness of the tension bracing is given by:
3 -
Ky * (nAbE cos“Y)/L 5-61

and other valueas havae been defined previously. It may b2 noted that for
braced frames wvwith nomrigid girder-to-column connections, the value of the
frame atiffnenn (K) {s equal to zero.

5-42.7 Slend ‘nes3 Requirements for Diagonal Braces

The salenderne:n ratin of the bracliag should ba less than 300 to prevent
vibration and "slapping®. Thia design conditlon can bo expressed as:

" > Lb/300 5-62
where "b = minimum radius of gyrat{on of the bracing member
Lb = length between points of support

Evan though a coaprexalon brace (s not comidered effective {n providing
resl«tarice, the tension and compression braces should be oconnected where they
ao2s. In thle manner, Lb for each brace may be taken equal to halfl of lts
total length.

5-842.8 Sizing of Frame Members

Estlimating the maximun forces aind maments (n frames with supplementary bracing
ls simller %o the proicedues descrided for rigid frames. However , the
procedure [a alightly more lnvolved =2ince (t |s necessary L0 asasume a value
for the brace area |n addltion to the assumptions for the mefflinients C and
CI. For framex with aou-rigld oonaectiom, C and CI do not app:ar {a the

S

resivtaice formmula for a sidesway mechanlsa and Ap <an be deter—'1ed
directly. 11 selectirg a trial value of Ay for frames with rigid connectiom,

the minimum dace =tze (= controlled by slenderness requirements, In
addltinan, {n each particular application, there will be a limiting value of Ay
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beyond which there will be no substantial welght Aavings In the frame membera
since there are maximum slenderners requirements for the (rame members, In
general, values of A, of about two square laches will result in a nubstantlal
{fncrea<e {n the overall realstance for (rames with rigid coanections. Hence,
an assumed brace area {1 this rangs {s recommended as a <tarting priat. The
design of the becams and columns of the frames foilow the prucedures previously
presented.

CONNECTIONS

5-43 General

The mnnections {n a nteel structure deaigiad [(n acwwrdan™ with plastic
design oconcepts must fulfill their fuiction up to the ullimate lvad capacity
of the atructure, In order to allow the members to reach their full plastlic
maments, the connections must be capable of transferring mamenta, ahears and
axial loads with sufficient atength, proper stiffnesa and adequate rotation

capacity.

Connectlons muat be designed with conslderation of econominal Tfabricati{ion and
eave of erection. Connecting devices may be riveta, bolts, welds, acrews or
varlous ocombinatlions thereof.

5-43 Types of Connections

The varlous connectlon types generally enocouiter~ed {n ateel structures can b
classified as primary member connections, secondary member ooanections and
panel attachments. Primary membar connect { on=a are ooraer frame,
beam-to~-column, beam-to-girder and column base oonnectiona as well a=
aplloesa. Seocondary member connections are purlin-to-frame, gi~t-to-frame and
bracing oconnections. Panel attachments are roof-to-floor panel and wall
siding connection=a.

Primary member oconnent{ons refer to those used (n dealgn and cunstruction of
the framing of primary members. They generally involve the attachment of
hot-rolled sectiom to one another, efther to create apecifly support
conditiona or to achieve contlnuity of a member or the atructure. In that
reapect, connections used {n framing may b2 clasaified (nto three groupe,
namely, rigid, (flexible (non-rigid) and semi{-rigid, depending upon their
degree of reatralat which 1s the ratio of the actual end moment that may be
devaloped to the end moment in a fully llxedended beam. Approximately, the
degree of restraint {s generally cons{dered as over 90 percent rfor riglad
oconnections, between 20 to 90 percent for =semi-rigid connections and below 20
parcent for flexlble connestions. '

It =hould be mentioned that the strength and rotation characteristics of
semi-rigid coanections are dependent upon the properties of the Intemed{ate
connentlon elements (angles, plates, tees) and thus, are subject to much
varlation. Since seml-rigid structual analysea are =eldom wndertaken due to
their great complexity, o further details on semi-rigid connectiom will be
gl ven here.

Secondary member connections are used to faaten members such as purlins, girta
or braning members to the primary members of a frame, either dlrectly or by
means of auxiliary sections such as anglesx and teea.
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Bas{¢ requirments for primary and secondary membsr connectloms, as well a=
gene~al guidelines for proper deaign, are presented {n Secticns 5-45 and
5-46. In addition, dynamic design stresses t0o be used in the selection and
alzing of fastening devices are given {n Section 5-47.

Panel a%tachments are used to attach elements of the akin or outer shell of an
installation as well as floor and wall panels to the supporti:ng skeleton,
Connections of this type are distinguished by the fact that they [asten
relatively thin sheet material to one another or to heavier rolled sections,
Roof decks and wall siding have to withatand during thelr lifetime (apart fraom
accldental blast loads) exposure to weather, uplift forces, buffetiug and
vibration due to winds, etc. For thie reason, and btecause of thei~ wideapread
use, special care should be taken §n design to {nsue their adequate
behavior. Some basjic requlirements Cor panel odnnectlom are presented In
Section 5-48.

5-45 Requirements for Main Framing Connectlons

The design requirementa for frame coonnecticna may be [(llustrated by
consjderiag the b2havior of a typiecal 20rner connection as ahow:i ia (lgure
5-26. Two membera are jolined together without atiffening of the corner web.
Assuming that the web thickness (s |[nsufficient, the bahavior of the
ocnanection (8 represented by Curve 1 which shows that ylelding due to shear
forcs atarta at a relat{vely low load. Even though the oonnection rotates
past the required hinge rotation, the plastic mament M_ is not reached. In
addition, the elasti2 deformatiors are al=o larger thail those asaumed by the
theoratical destgn curve,

A seocond and different connenrtion may behave as [1dicated by Cuve 2.
Although the slastic atiffness 13 sat{asfactory and the maximun capacity
exceads Hp. the onnnection fCalla btefore reachi:ng the required hinge rotation

and thus, (e unsatiefactory.

Thea2 cona’derationa {adincate that ~onnectlons must be deaigned for strength,
atiffaess and rotation capacity. They mus=t transmit the required mament,
ahear and ax{al lnad, and develop the plastic mament Mp of the members,

Normally, an 2xamination of a connection to see (I {t meeta the requirementa
of stiffnesn will not b2 neceasary. Compared to the total length of the
member, the le:agth of the connection la amall; and, il the voaneotion I[s
aligntly more flexible than the member which {t joins, the general effect on
the sat-uctual bzhavior [s not great. Approximately, the average ualt
rotatinn of the monnecting zo:e should not excesd that of an equlvalent length
of the member= being Jjolned,

Jf equal tmportanm with the strength of the cmnnection {a an adequate reierve
o€ ductility after the plavti> manent ha+ been attajned. Rotatlon camcity at

plasti~” hiage 1ocatfona [a easenti{al to the develdpment of the full ultimate
1nad capa2ity of the atricture,

5-46 Dex{gn of Connectlom

£5 'Y nof,'the iatent of tals aention to present procedurer and equations for
the deafgn of the var{ous typea of nonnections likely to be ennountered | the
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Dlast-rea[a%ant design of a ateel <trudture, Instead, the ocomsideratiom
necesnary for a proper dneign will de outlined.

After completion of the dynasic analyeis of the structure, the members ary
ajzed for the given loadinge. The ma:ents, shears and axtal loads at the
oniectiom. are Kiowil. Full rewognition muat b given to the comjderatinn of
rebouwid or atre's reversal [n denigning the connections, Additionally, in
oont{inuous atructures, the maximum values of P, M and V may not occur
simultaneously and thus, several combinationa may have to be conridered.

With rigid oconnections much as a ocont{nuous ocolumn-gi.uer {ntersection, the
wed area within the boundaries of the connection should meet the chear strens
requirements of Section 5-23. If the web area {s wsatisfactory, diagnnal
atiffeners or web doubler plates should be provided.

Stiffeners will normally be required to prevent web crippling and preserve
flange nontinuity wherever flange-to-flange oconnectjions occur at columne {n a
contiunus frame. Web crippling must 2lso be checked at points of load
application such a= beam-girder (ntersactions, In theae >~asen, t*the
requirements of Sectlon 5-25 of this volume and Sectiome 1,10.5 and 1.10,10 of
the AISC Specification must b2 considered.

Sincs bolted jolnts will develop yleld atresses only after sifppage of the
members has occurced, the ute of friction-type bolted onnuections (s not
recommenjed.

S-47 Dynamic Design Stresses for Connections

In accordanice with Section 2.8 of the AISC Specification, bults, rivets and
welds shall be prcportioned to resfat the maximum forces using stressea equal
to 1.7 timea those given {n Part 1| of the Specification. Additionally, these
atresses are lncreased by the dynamic lncrease factor specified in Section
5=-12.2; henonm,

£y 1.7cf, 5-63

where rd = the maximun dynamic dea{ 1 atress for connections

@ = the dynamic increase factor (fig., S-2 or table 5-2)

f, = the allowable equlvalent static design stress of the bolt,
rivet or weld,

Rather than compiling hiew tables for maximun dymamic loads for the varlous
types of coanections, the desigier will find (it advantagecus to divide the
forces being conajdered by the factor 1.7c and then to refer to the allowable
1031 tablesa 1n Part 1 of the AISC Specification.

5-48 Requirements for Floor and Wall Panel Connecti{om

lanel connectiorsa, {n general, cail bs considered e..ner panel-to-panel
connections, or panel-to-supporting-frame conanectiona,

.
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The former type [nvolves the attachment of relat{vely light-gage materlals to
each other such that thnay act together a= an lategral unit, The latter type
1s generally used to attach sheet panals to heavier cross-sections.

The most cummon type of fastener for deoking and steel wall panels (s the
self-tapplng =crew with or without washer. Evan for conventional desig: aid
regular wind loading, the swrew fasteners have often been the source of local
fallure by tearing the sheet{ng material. It is evident that .under blaet
loading and particularly on redound, screw connectors will be even more
vulnerable to this type of fajlure, Speclal care =hould be take:n [n design to
reduce the probatility of fallure by using overs=ized washers and/or i{ncreaced
material thickrness at the counection {teelf.

Due to the magaitude of forces {nvolved, apenial types of mnnectors, as shown
fn filgure 5-27, will uwally be necessary, The=e may nonaiat of
self-piercing, self-tapping screws of larger dlameters with overs|zed washers,
puddle welde or washer plug welis, threaded connectors fired [nto the eleme:nts
t. be attacned. or threaded studs, welded to the =upporting members, which
fasten the panel by means of a special arrangement of bushing and nut.

Apart from fulfilling thelr fuction or cladding and load-res{=ting surfaces,
by 2arrying loads perpendizular to their suace, floor, roof and wall, steel
paiiels can, when adequately connected, develop subatdntial res{estan~e to
f:i-plane forces, acting as dlaphragrs contributiag a great deal to the overall
atiffnes= and stablility of the structure. As a res=ult, deckiag coanectlons
are, |1 many casea, aubjected to a combination of shearing forces and pull-out
{orces., It {s to be remembered ale=o that after the panel has deflected under
blast loading, the catenary action sustalned by the flat sheet of the decki:ng
represents an important reserve capacity againat total collap=e. To allow for
such catenary action to tahe place, nronnectors and especially end cnnaectors
should be made strong enough tc withstand the membrane forces that develop.

5-49 Penetration of Fragments into Steel

5-49,1 Failure Mechanisms

In deriving a prediction equation for the penetratinn and perforation of steel
plates, 1t = [mportant to recognize the failure machanisms. The fa{lue mode
of primary concern in mild to medium hard homoge:ieous steel plat=es subjected
to normal {mpact {s ductile faflure. In this mode, as the miss|le penetrates
rhe plate, plastically deformed materfal {= pus“ed as{Jde a:nd petals or lipe
are formed on both the front and bdack faces with no material being ejected
from the plate, For pla“e« with Briaell hardneas valuea 3bove 300, fallure by
"plugging™ = a strong possibility, In *his brittle mode of fallure, a plug
of materjal s formed ahead of the penetrating misslle and {= ejecred from the
back ={de of the plate. A tnird mode of fallure (= disking or flaking, in
wnich clrcular disks or Irregular flakes . e thrown f~om trke bdack face. This
Ltypc of fallure (s majaly of concern with plates of {nferior quilily steel and
should not, therefore, be a common problem {n Lhe deajign of protective
strictures,

5-49.2 Primary Fragment Penetration Egquations

In protectiva desi{gn involving primary fragments, a penetratlon equation {=
requilres which ylelds reliable estimates corresponding Lo the =2tandard primary
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fragment [llustrated in figure 4-77 of Volume IV, These deaign equations
consider only normal penetration which 1a critical for the design of
protective atructurea. These equatiom apply to penetration {nto mi{ld steel
and are oonservative for plates with a Brinell hardnesas value above 150,
Steel penetration coquations {n design for primary fragment [mpact are
expressed (n the following forms:

For AP steel fragments penetrating mild steel platew:

0.33, 1.22 561

- q
X 0.20 wr s

and for mild steel fragments penetrating mild steel plates:
X - 0.21 W, °'33v3"22 5-65

wher e:
x = depth of penetration (in.)

We

v

L

fragment welght (oz.)

striking velocity of fragment (kfps)

Charts for steel penetration by primary fragments according to these equations
are presented In figures 5-28 and 5-29.

To eatlmate tha penetration of metal fragments other than armor plercing, the
procedures outlined in Section 4-60.3 of Volume IV are entirely applicadble to
steel plates.

5-49.3 Residual Velocity After Perforation of Steel Plate

The penetration equations presented in Section 5-49.2 may be used for
predicting the occurrence of perforation of metallic barriers and for
calculating the residual fragment velocity after perforation.

For normal impact of a ateel fragment, with the shape {llustrated in figue
4-77 of Volume IV, the equation for residual velocity [s:

1
ve/vs = [1 - (Vx/Vs)z] 2,00 + wa) 5-66
where Vr = reajfdual velocity
Vs = atriking velocity

Vx = critical perforation velocity
for the fragment of impacting
the plate of thickaesas t (aee
explanation below)
d = diameter of cylindrical portion of frag-
ment in., as [llustrated in figure 4-77

Tne value of Vx ls determined froam figue 5-28 or 5-29 by subsatituting the
plate thickness, t, for the penetration depth, x, and reading the

corresponding value of atriking velocity, Va. This striking velocity becomes

NN
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the aoritllcal parforation wvelocity, V.. A plot of the residual wvelocity
X

gquation for a range of t/d ratios is presented in figure 5-30.

Multiple plate penetration mpoblems may be analyzed by the aucressive
application of =quations 5-64 or 5-65 for predicting the depth of penetration
ald equatlion 5-56 for calculating the residwal veloclity upon perforatlon of
the plate. In addition, composite nonstruction, consisting of ooncrete walls
with attached apall plates, can b» analyzed for (ragment impact by traclng the
motion of the fragmeat through each successive layer. The striking velocity
of the fragment upon each {ntermed{ite laye~ [a the rerfdual fragmnent velo~ity
after perlforation of the previous layer. The oonservative asaumptiuns are
made that rLhe fragnent remaina {ntact duri{ng the pinetration and that [t does
not deviate from a satraight line path as it crosses the [nterfaces between the
different media.

TYPICAL DETAILS FOR BLAST-RESISTANT STEEL STRUCTURES
S50 General

This =2ection prergata 2everal examples of typical [framing oenanectiowm,
atructural detatla and blast doors used {n industrial ‘nstallatioans deaigned
to reviat acoidenctal blast loadings. This section j= {ntended tvo augnent
thoue detafls presented {1 prior asctjone of this volure,

5=51 Steel Framed Building=s

Sach b..3tnge: 1 e aften rectaagudlar in plan, Lwo or three bays wide aad four
or mor=2 baya long. Figue 5-31 ahows a. examole of a typical framing plan for
a asingle-story %iilding deaigied to re:ist 4 prendure~time blast 15ading
impiaging on the =t-~ucture akL an angle wi.% resp2ct to ltes main axees. The
at~uctural aystem odymriata of an orthogonal network of rigid frames, The
glrdere of tne franes running parallel to the building length serve :=la0 ax
pirlina and ar2 plamed, for 2a%e of erectlon, on top of the frames apinning
a0rosa the structure'a wiidth.

Flgure: 5-32 tn 5-35 pre:ent typical framing detalls related to the general
layout of figure 5-31. A= a rule, the colunns are fabricated without splices=,
the plate omvers aind Mmnnection planea are shop welded to the cslunns, and all
girder to e2lumn coaneotions are fleld bolted. A channel {3 welded on top of
the frame girders 'O onver the bolted conaectlnna and prevent (2void)
- interference with the roof deckiug. ALl of the framing wmonnections are
desigied to minimize «tresn 2onoeatratione and to awid tri-axial stralns,
They comdi-ie duenility with eave of fabrication,

552 Cold-formed, Light Gage Steel Panels

Flgure 5-36 ahows typlcal crosa-seations of cold-formed, light gage steel
Asels oommonly sved (1 [ wluserial {rst3llationz. The closed s=ections, which
are componed of a4 corrugated hat section and 3 f1at aheet, are vsed to reslat
Dlarl prexiwrer (1 the | w prennure rang2, whereas the opeit hat <ection {a
recomaeaded oily foe very low presaugre sftuations as sldiag or roofing
sarerial, A typical vartical =ention fllustrates the attachment of the ateel
paneliag to the acvpportiiig membera. Of particular Intereat = the detail at
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Figure 5-30 Residual fragment velocity upon perforation of
steel barrlers
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Figure 5-32 Typical framing detail at interior Column 2-C

-105-




STEEL PANEL ‘D_I

ROOF DECK- , ca

v«;*‘sie
SHIM
-~  ~ 4-7/8'g BOLTS (TYP)

2-3/4 P BOLTS

SECTION c-C

STEEL PANEL
C7x9.8(CUT)— . ROOF DECK

e T S T
A . P4
/8 &\ 4-7/8"  BOLTS (TYP)
SHIM
. l i ) — ydr
o B SRV r \ ’k

e 12 o '
%'l Ak = 2 e,

wio it w10

38" i‘ > - 2-3/4 BOLTS (TYP) ¢
v wi2 coL.

SECTION D-D

Figure 5-33 Typlical framing detail at end Column 1-C
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Figure 5-34 Typical framing detail at side column 2-D

-107-




11

N6 STEEL PANEL
€7x9.8 (CUT) ROOF DECK
< rmm,
ve. - _ FF%*W .
: ]| @~ 4-7/8"@ BOLTS (TYP)
-—— 3/3"R
e : — SHIM
A %‘
1: - . ]
3/% Ao I ~
va \__k“ ~
R ATES Lt - "
o e o wio 2-3/4 P BOLTS
wi'e 1, « 3e'R's
W I2 cOL. = s

SECTION G-G

STEEL PANEL

ROOF DECK = ‘1/4[73 Q6
ca ‘ C7 (CuT)
b Sk e Ly bl - 38"e
V. 7-—'—1,
SHIM - s ~ |
7/ P - § o 3ﬂ€1_

-
wio -~ . =F£P

2-34" @ BOLTS vees /

4-78" ¢ BOLTS = -
{TYR.)

SECTION H-H

Figure 5-35 Typical framing detail at corner Column i-D
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r cold-formed, light gage steel paneling
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the oorner between the exterior wall and the roof, which ia desigind to
pravent peeli:ig of the decking that may be caused by negative pressurea at the
roof edge.

Figure 5-3/ Rgives asume typlcal arrangemenia of welded ownnectloms for
attaching colo-formed ateel panels to thelr aupporting elements, Type A
refers tO an {ntermedisdte aupport wherean Type B refera t2 an end saupport, [t
{2 recommended that the dlameter of puddle welds be 3/4 of an luch minimun anA
should not exceed 1-1/2 inches because of space limitations {a the panel
valleys, For deeper panels, (it ls often necessary to provide two rows of
puddle welds at the intermedliate aupporta In order to resist the uplift forcea
in rcbound. It shonuld be noted that welds close to the hooxed edge of the
panel are recommenued to prevent irting of adjacsnt panels,

Figure 5-38 shows an arrangement of bolted connections for ‘he attachment of
cld-formed steel paneles to the structual framing. The bolted connection
consiats of the following: a threaded stud resistance welded to the
[aupporting member, a aquare ateel block with a concsntric hold used as a
apacer and a washer and nut for fasteaing. Figure 5-39 preaenta 2
roaa-section of that <connestion with all the relevant detalls along with
informatlion pertaining to puddle welas,

553 Blast Doors

Figurea 5-40 and 5-41 show detalls of salngle-leaf and double-leaf bdlast doors,
reapectively, Figue 5-40 presents a single-lealf door irntalled in a ateel
atructure, The deaigr (2 typical of doora [atended to res,st relatiwly low
presaure levels. It {a Interesti:g to note that the door (s funished with
ita tubilqg frame to insure proper fabrication anu to pro.'de adequate
atiffnesa during erectlon. In the caze of figuwe 5-41, the doutie leaf aoor
with {ts frame is lastalled i{n place and attached to rhe conaete atructure,
In both figure= details of hinges, latches, anchors and panic hardware are
{llustrated. It =hould be noted that the pina at the panlc latch ends are
mdade of Aluminum {n order to eliminate the danger of aparking, a hazard {(n
amnunition facilities, which might arise from steel-on-steel striking.

Tigure 7-42 shows detaila of campresslon arch and tension arch doors., The
teajon arch door requires ocompressjion ties to decvelop the compres=a|on
reactions for the arch and to prevent the door fram being blown through the
omaing, The womprerajon arch door reqiires a tension tie plate to develop
the eactiona and to prevent large distorticns !n the door that may bind (¢ In
place.,
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Flgu'e 5~37 Typical welded connections for attaching cold-formed steel
panels to supporting members

1M1




,— %’ # THREADED WELDING STUDS

- rme I\_H--u y - -
- L o
[ 4
g I G, ! -
S i
"
2 R F I S e

¢ 4,
PLAN - ROLTED CONNcCTION TYPES A8B
12° 2° . 12 .

E&EZI&L_JﬁL_J=J e—
24" PANEL WIOTH '
SECTION - l/z STEEL PANEL

M3y THREADED WCLDING STUDS, 20GA.
‘[_',;r THREAOED WELOING STUDS, IR GA.

N— — ——— —— T
1 B .
o« |
g .. : N
A __. S A IR SRR S P 4-F==-|--

PN} Ab_ 1
PLAN - BOLTED CONNECTION TYPES A8B
I . a' '6-

. LJ_ la]  la)

L)

la) =
[.2]
. B

24 __PANEL_ WIDTH

B

SECTION

-

— 3" STEEL PANEL

Figure 5-38 Typical bolted connections for attaching cold-formed steel
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APPENDIX S5A - ILLUSTRATIVE EXAMPLES

Thia appendix presents detalled de=ign procedureas and numerical examples on
. the following tupices:

3 Flexural elements subjected to pressure-time ioading
2. Lateral bracing requirements

3. Cold-formed ateel panels

4, Columns and beam-columns

5. Open-web jojists

6. Single-story rigid frames

7. Blast doors

8. Uasymmetrical bending

References are made to the appropriate sections of this Volume and to chartsa,
tables and equations from Volume [II "Principles of Dynamic Analysia",

Problem S5A-1 De=ign of Beams for Preasure-Time Loading

® Problem: Design of a purlin or girt as a flexural member which responds to
a pressure-time loading.

- Procedure:
Step 1. Eatabliah the dea(gn parametersa:
a. Presaure-time load

b. Dealgn criteria: Maximum support rotation, 8, depending on
protection category.

Q. Span length, L, beam spacing, b, and support conditions,

d. Propertieas and type of steel used, |{.e., ry and E.

Step 2. Determine the equivalent static load, w, using the following pre-
liminary dynamic load factors as discuas=ed {n Section 5-22.3.

1.0 for 8 = 2°
DLF =
0.5 for @ « 12°

. Step 3. Using the appropriate resistance formula from table 3-: and the
= equivalent static load derived in Step 2, determine Mp.

- Step &, Select a member size using equatlion 5-7 or 5-8. Check the local
‘ buckling criteria of Section 5-24 for the member chosen.

A-1




Step 5.

Step 6.

Step 7.

Step 8.

Step 9.

Step 10.

Step 11,

Step 12.

Step 13.

Required:

Step 1.

Determine the mass, m, including the weight of the decking over a
distance center-to-center of purlina or girts, and the weighl of
the members,

Calculate Lne equivaler.. mass Ll using table 3-12 (Volume I1[).
Determine the equivalent elastic stiffness KE from table 3.1.

Calculate the natural period of vibration, TN. using equatinn
5-15.

Determine the total resistance, R and peak pressure load, P,

u!
gEnter appropriate chart in Sesticn 3-19.3 with the ratios T/TN and
P/Ru

ductility ratio yu.

and the values of C‘. and C2 in order to establish the

Check the assumed DIF used [n Step 4. Enter the responze charts
with the ratio T/TN and p ind determine tE' Uaing equation 5-1,

determine the atrain rate. Using figure 5-2, determine the DIF,
C. 1If there {3 a aignificant diffrerence from that assumed, repeat
Steps 4 through 9.

Calculate the equivalent elastic deflection XE aa given by the
equation

XE - Ru/Kg
and establlanh the maxi{mum deflection Xm given by
Xp = wXg

Compute the correaponding member end rotation. Compare § with the
criteria summarized in Section 5-35.

tan 8 = X,/(L/2)
Check for shear using equation 5-16 and table 3-9.

If a different member =size ia required, repeac Steps 2 through 12
by selecting a new dynamic load factor.

Example SA-1 Deaign of a Beam for Preasure-Time Loading

Deajgn a simply-supported beam for sheiar and flexure {n a low
presswe range Jhere personnel protection (s required.

Given:

a, Pressure-time loading (fig. 5A-1)

A-2
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b. Criterlia: Personnel protection required. Support rotation
limited to 2°,

0. Structural configuration (fig. SA-1),
d. fy =36 ksi, E = 30 x 103 ksi, A36 steel

e. Compression flanged braced.

4
w
§ 6.5psi

i7' b/

E
_A_. —A— -

- !
spacing b=4.5 TIME 40ms
Flgure 5A-1 Beam configuration and loading, Example 3SA-1.

Step 2. Determine the equivalent static locad (i.e., required reais-

tance). For this pressure range, the equivalent static load ia
assumed equal to the peak pressure (Section 5-~22.3). The running
load becomes=:

wa=1.0x 6.5x 4.5 x 144/1000 = 4,21 k/ft

Step 3. Determine required Hp.
2 2
wL 4.21 x 17
Hp ¥ e e SRSape——is . 152.1 k=ft (table 3-1)
Step 4, Select a member.
M
(S + 2) = F_g . 2 x 152.1 x 12 . 71.4 1n3 (eq. 5-7)
511
ds
where
rd3 =axocx r¥ = 1.1 x 1,29 x 36 =« S51.1 kai (eq. 5-2)




where
a=1.1 from Section 5-13.2

¢ = 1,29 corresponding to a DIF in the low
presaure range (see table 5-2)
Select W12 x 26, S = 33.4 in3 1

Z - 37.2 in3
S+ 2 =70.6 in3
M) = (70.6 x 51.1)/(2 x 12) = 150.3 k-ft

Check local buckling criteria,

d/cw - 53.1 < luz/(r‘y)”2 - 68.7 0.K.

bt.lztr - 8.5 0.K.
Step 5. Calculate M.
oW [00.5 x u.8) ¢ 267 (17 % 10%) L0 o0
g 32.2 x 1000 !
Step 6. Calculate the effective mass, M.,
plastic range.
KLM = (0.78 + 0.66)/2 = 0.72
M, = 0.72 x 25,130 = 18,100 k-ms’/ft
Step 7. Determine KE'
‘ 3
Kg = 225555 = 153-5-1251_19__£_3Q3 - 664 K/fC
SL S x 177 x 144
Step 8. Calculate Ty-

0 1/2 1/2
TN 2n Me/KE) 27(18,100/664)

- 204 tnt

(eq. 5-17)

(Section 5-24)

(xk-ma°)/tt

for a response in the elasto-

(table 3-12)

(table 3-8)

(eq. 5-15)




Step 9.

Step 10.

Step 11,

Extablish the ductility ratio y and compare with the criterla,

T/T 40/32.8 = 1.22

N

6.5 x 17 x 4.5 x 144
P=pxLxbs-~= 7530 = 71.6 kips

R = SMp/L « (8 x 150.3)/17 = 70.7 kips

71.6/70.7 = 1,01

P/R
u
From figure 3-64a,

u - Xm/XE - 2.1

At this point, the dealgner would check lateral bracing
requirements., Sample problem 5A-2 outlines this procedure.

Check the assumed DIF. From Table 3-64a, for P/Ru = i.01 and T/TN
- 1.22.

te/T = 0.24
tg = 0.24 x 40 = 9.6 ms
Find &:
3
€ = £, /E b = 51.1/30 x 107 x .0096 = 0.177 in/in/sec

(eq. 5-1)
From figure 5-2

DIF =« 1.31 =~ 1.29 O0.K.

Determine Xg:

XE - Ru/KE - (70.7 x 12)/664 = 1.28 inch
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Find me
Xm - uXE « 2.1 x 1.28 « 2.69 inches

Find end rotation, 8.
tan @ = Xm/(L/Z) - 2.69/(8.5 x 12) = 0.0264 (table 3-5)

8 = 1.52° < 2° 0.K.

Step 12. Check shear.
Dynamic yleld streas in shear

rdv = 0.55 fds - 0.55 x S51.1 =« 28.1 ka{ (eq. 5=4)

Jltimate shear capacity

vp - rdv XA, - 28.1 x 0.23 x 12 = 77.6 kips (eq. 5-16)

Maximum support shear

Ve " ry X L/2 = Ru/2 = 70.7 /2 = 35.4 kips (table 3-9)

<

Vp > VS 0316

Problem S5A-2 Spacing of Lateral Bracing

Problem: Inveatigate the adequacy of the lateral bracing apecified for a
flexural member.

The deaizn procedure for determining the maximum permissible apac—
ing of lateral bracing is e=sentially a trial and error procedure
if the unbraced length |a determined by the consideration of lat-
eral torajonal buckling only. However, in practical design, the
unbraced length [a usually fixed by the spacing of purlins and
girta and then must be {nvestigated for lateral torajonal buckl-
ing.

Procecure:
Jtep 1. Establish de=ign parameters.

a, Bending moment diagram obtalned from a desi{gn analysis,

A-6




Step 2.

Step 3.

Step 4.

Requlred:

Step 1.

Step 2.

Step 3.

b. Unbraced length, &, and radius of gyration of the member, -

about lts weak axis, y

c. Dynamic design strength, ... (Section 5-13)
d. Design ductillity ratio, p, from a design analysis.

From the moment diagram, find the end moment ratio, H/Mp, for each
segment of the beam between pointg of bracing.

(Note that the end moment ratlo ls positive when the segment |=
bent in "everse curvature and negative when bent in aingle curva-
ture).

Compute the maximum permissidble unbraced 1length, zcr. using

equation 5-20 or 5-21, as applicable. Since the sapacing of pur-
l1tna and girts {=s usvally uniform, the particular unbraced length
that must ue Inveatigated in a design will be the one with the
largeat moment ratlio, The apacing of bracing in non-yielded seg-
ments of a member shculd be checked againat the requirements of
Section 1.5.1.4.5a of the AISC Specification (see Section 5-26.3).

The actual length of a =segment being inveatigated should be lesa
than or equal to Lop:

Example SA-2 Spacing of Lateral Bracing

Investigate the unbraced lengths shown for the W10 x 39 beam In
figure S5A-2.

Gilven:
a. dending moment diagram shown in figure 5A-2.

b. Unbraced length (each segment) = 36 inches

y = 1,98 {nches

C. Dynamic deaign stress « 51.1 kail
d. Deafgn ductility ration, y = 5.

The moment ratio {a =0.5 for =egments 8C and CD (single curvature)
and 0.5 for segments AB and DE (double curvature).

Determine the maximum permisaible unbraced length. By {n=spection,
equation 5-21 resultes in the lower value of lcr'

BL o 1375

ry rds




Mp

Step 4.

38" 36" 36" 38"
-Mp AE SUPPORTS
wWIOX39
| B, C,Q BRACING
- c E LOCATIONS
O.5Mp 0.5Mp
Mp
Figure 5A-2 Bending moment diagram, Example S5A-2
- .
From figure 5-9 for ——- =5, 8 = 1.36
E
‘ 1375 x 1.98 .
e lon * TG 51T - 394
Since the actual unbraced lergth 18 lesa than 39.2 inches, the

apacing of the bracing la adequate.

Problem SA-3 Design a Roof Deck as a Flexural Meaber which Resaponds

Problem:

Step 1,

to Pressure-Time Loadlng

De=ign of cold-formed, light gauge steel panels subjected to pres-
sure-time loading.

Eatablish the design parameters:
a. Preaaur<2-time loading

b. Design criteria: Specify valuea of uy and 8 depending upon
whether tension-membrane action {s present or not.

c. Span length and support conditions
d, Mechanical properties of steel
Determine an equivalent uniformly distributed atatic load for a 1-

ft width of panel, uaing the following preliminary dynamic lonad
factors,
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Step

Step

Step

Step

Step

Step

Step

Step

10.

111

Ten=!{on-menmbrane Ten=ion-membrane
action not present action present
DLF 1.33 1.00

Theae load factors are based on an average value of T/‘I‘N = 10.0
and the : e2ommended de={gn ductility ratios. They are derived
using figure 3-64.
gquivalent static load weeDLF X p xb

b =1 ft,

Using the equivalent load derived {in step 2, determine the ulti-
mate moment capacity using equatlon 5-29 or 5-30 (assume positive
and negative are the same).

Determine required section mndull using equation 5-27 or 5-28.

Select a panel.

Determine actual sect{on properties of the panel:

+ -

s, 87, 10, V.

Compute r , the maximum unit reslatance per 1-ft width of panel

using equation 5-29 or 5-30.

Determine the equivalent elastic stiffne=ss, KE - ruL/xE. using
equation 5-31,

Compute the natural period of vibration.

T, = 2n(0.74 mL/xE)”2 (eq. 5-32)

Calculate P/ru and T/TN. Enter flgure 3-54 with the ratiosa P/ru
and T/TN to esatablish the actual ductility ratio u.

Compare y with the criteria of atep 1. If u ieo larger than the
criteria value, repeat ateps 4 to 9.

Compute the equivalent elastic deflection XE using XE - ruL/KE.
Evaluate the maximum deflection, Xm - “xE'

Determine the maximum panel end rotatlon.

1

8 = tan (x,/(L/2)]

Compare § with the criteria of step !, If 6 i= larger than apeci-
fied iIn the criteria, select another panel and repeat steps 5 to
10.
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Step 11.

Step 12.

Check resi{stance {n rebound using figure 5-13.

Check panel for maximum resistance in shear by applying the cri-
teria relative to:

a. Simple shear, tadble 5-5a, 5-6a or 5-T7a.
b. Combined bending and shear, Table 5-5b, 5-6b or 5-7b.
c. Web crippling, figures S5-15 or 5-16.

If the panel |s inadequate ln shear, select a new member and
repeat atepa 4 to 12.

Example S5A-3 Deaign a Roof Deck as a Flexural Member which Responds

Required:

Step 1.

Step 2.

Step 3.

to Pressure-Time Loading

Deaign a continuous cold-formed =steel panel in a low pressure
range.

Given:
a. Presaure-time loading (flgure 5A-3).
b. Criteria: (Tension-membrane action present)

maximum ductility ratio -6

Hmax

maximum rotation Cpax * lo

@ Structural configuration figure 5A-3.
d. Steel AU46, grade a
6
E = 30 x 10” pai

rda eaxcxf,=1.2' x 1.1 x 33,000 « 44,000 pat

S y
(eq. 5-26)
Determine the equlvalent statié load.
Say DLF = 1.0
Wwa=DLF xpxbdb=1.0x5.0x 12 x 12 = 720 10/t

Determine required ultimate moment capacities, For preliminary
aelection, asaum=2

2 2
Mup - Mun = WwL°/10.8 = 720 x (4.5)°/10.8 = 1,350 1b-ft

(eq. 5-30)




5. 0psi

PRESSURE

i

TIME

L 2-0" ‘| ﬂ_ 1" aoms

Figure 5A-3 Roof decking configuration and loading, Example S5A-3
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Step 4, Determine required section modull.

8* = 8™ - (1350 x 12)/44,000 = 0.368 1n>

(Select Sec. 3-18, 1-%/2 inches deep)
Step 5. Determine actual section properties,
For manufacturer's guide:

+

s* - 0.398 in3

S « 0.380 in>
I, - 0.337 in"
20 :
w e 2,9 paf
Step 6. Compute maximum unit resistance r .
Mup « (445,000 x 0.398)/12 « 1,459 1b-ft (eq. 5-27)
Hun « (434,000 x 0.380)712 « 1,393 1b-ft (eq. 5-28)
2 3.6
r = 3.6 (M +2M )L = == (1,393 + 2 x 1,U459) = 766 1b/fL
u un up 4 52
(eq. 5-30)
Step . Determine equivalent static =stiffness,
ruL 3I20 b ry X L EIZO
KE S8 I ikl e MR i 3 (eq. 5-31)
E 0.0062 x ru x L 0.0062 L
30 x 10° x 0.337
—_—————-- 5--1--- - 124,260 10/t
0.0062 (4.5”) x 144
Step 8. Com: @ the natural perlod of vivration for the 1-ft width of
panel.
6 - 5 2y
mL = w/g ~ (2.9 x 10° x 4,5)/32.2 =« 4,05 x 10” 1lb-ms“/ft




Step 9.

Step 10.

Step 11.

Step 12.

]1/2 .

T, = 2x[(0.74 x 4.05 x 10°)/124,260 9.75 msec

Calculate P/ru and T/TN

Pepxbe«50x12x 12 = 720 1b/ft
P/ru - 720/766 = 0.94

T/TN =« 40/9.75 = u4.10

Entering figure 3-64a with theae values.
X /X
m

" 3.5¢ 6 0.

Check maxi{mum deflection and rotation.

X, = ruL/K = 766 x 4.5/124,260 = 0.028 rt

E E

xm = 3.5 XE - 0.098 rt
o = tan ' (x_/(L/2)] - tan ' [0.098/2.25] = 2.5° < 4* 0Q.K.
Check resf{stance in rebound.
From figure 5-13, r/r = 0.33; 0.K. since available maximum elas-
tic realsatance in regound Is approximately equal to that under
direct loading.

Check resistance {n shear.

a. Interior support (combined shear and bending).

Determine dynamic shear capacity of a 1-ft width of panel:

h =« (1.500 - 2t) inches, t = 0.048 Inch

= 1.500 ~ 0,096 = 1.404 {nchea

h/t = 1.404/0.048 = 29.25 = 30

A=13




rdv = 10.84 kai (table 5-5)

Total wedb area for 1-ft width of panel:

(8 x h x t)/2 = 4 x 1.404 x 0.048 = 0.270 in2

Vu = 0.270 x 10.84 = 2,92 k = 2,922 1b

Determine maximum dynamic shear force:
The maximum shear at an interior support of a continuous

panel using limit design i=:

Vpax = 0-55 r L = 0.55 x 766 x 4.5 = 1,896 1b

= 1,896 1b ¢ 2,922 1b 9.K.
End support (=imple shear)

Determine dynamic shear capacity of a 1-ft width of panel:

For W/t < 57, f = 0.50 fds = 0.5 x 44.0 = 22,0 k=i

dv
(table S5-5a)

Vu = 0.270 x 22,000 = 5,940

Determine maximum dynamic <hear force:
The maximum shear at ar end supporlL of a continuous panel

using limit deaign i=a

Vmax - 0.45 x ry X L - 0.45 x 766 x 4.5

= 1,551 1b < 5,940 10 O.K.

Web crippling (4 webs per foot)

End support (N = 2-1/2 inchesa)

Qu = 1,200 x 4 « 4,800 1bs > 1,551 0.K. (figure 5-15)




Problem:

Procedure:

Step 1.,

Step 2.

Step 3.

Step 4§,

Step 5.

Inter{or support (N = 5 inches)

Qu = (2,400 x 4)/2 « 4,800 1bs > 1,896 O.K.(figure 5-16)

Problem SA-} Design of Columns and Beam—Columns

Design a column or beam-column for axial load c¢ombined with bend-
ing about the atrong axis,

Establish deaign parameters.

a. Bending moment M, axial load P and shear V are obtained from
either a preliminary deslgn analysis or a computer analysis.

b. Span length { and unbraced lengths £,  and ly.

o Properties of structural ateel:
Minimum yield atrength ry
Dynamic increasc factor c (table 5-2)
Dynamic design strength f g (eq. 5-2)

Select a preliminary member =ize with a sactlon modulus S such
that s > M/rds and bp/2%, complies with the structural steel belng

used (Section 5-24).

Calculate Py (Section 5-24) and the ratio P!Py. Using either

equation 5-17 or 5-18, determine the maximum allowable d/t, ratio

and compare it to that of the section chosen. If the allowable
a’e, ratio Is les= than tuat of the trial section, choose a new

i trial section.

Check the shear capacity of the web. Determine the web area A,
(Section 5-23) and tne allowable dynamic shear stress f, (equa-
tion 5-4), Calculate the web shear capacity Vp (equation 5-1§)
and compare to the design shear V., If lnadequate, choose a new
trial section and return to Step 3.

Determine the radii of gyration, re and r,, and plastic section

modulus, Z, of the trial section from the AISC Handbook.




Step 6.

Step T.

Required:

Step 1.

Calculate the following quantiti{es uaing the various design param-
etery:

2. Fquivalent plastic reaisting moment
My = fgaZ (eq. 5-8)
b. Effective alenderness ratios sz/rx and Kly/ry. For the

effective length factor K, =ee Section 1.8 of the Commentary
on the AISC Specification and Section 5-38.

5 Allowable axial siress Fa corresponding to the larger value
of K&/r.

d. Allowable moment M from equation 5-%7 or 5-48.
e, Fé and "Euler" buckling loaa Pe (Section 5-37.3).

e Plastic axial load P, (Section 5-37.3) and ultimate axial
load P, (equation 5-455.

g. Coefflicient Cp (Section 1.6.1 AISC Specification).
Uaing the quantities obtained in Step 6 and the applied moment M
and axial load P, check the interaction f'ormulas (equations 5-44

and 5-45). Both formulas must be satisfiec for the trial sectjon
to be adequate.

Exampla 5A-4 (a) Dexign of a Roof Girder as a Beam—Column

Deaign a flxed-ended roof girder i{n a framed structure for com-
bined bending and axlal load in a low pressure range.

Given:

a, Prellminary computer analysis gives the following values for
deaign:

M = 115 ft=kips
My -0
P = 53.5 kip=a
V = 15,1 kips
b. Span length Ny AL
Unbraced lengths lx = 17'-C" and ly - 17'-0"

c. A36 atructural steel




Step 2.

Step 3.

Step 4.

y

c = 1.2% (table 5-2)

a = 1.1 (Section 5-12,1)
“. rds -=CXax ry = 1.29 x 1.1 x 36 = 51.1 kai(eq. 5-2)

3
S - Mx/rds - 115 (12)/51.1 = 27.0 in
Try W 12 x 30 (S » 38.6 1n3)

2

A=8.79 in d/tw - 47.5
br/Ztr « 7.4 ¢ 8.5 0. (Section 5-24)
Py - Afy = 8.79 x 36 = 316 kips (Sectlion 5-24)

P/P_ = 53.5/316 = 0.169 < 0.27

1/2

d/t = (u12/(ry) y [ - 1.uy(P/P )] (eq. 5-17)

- (u12/(36)1/2) (1 = 1.4 (0.169}] = 52.4 > 47.5 0.K.

L £ aviy (eq. 5-16)
fqy = 0-55 £, = 0.55 (51.1) = 28.1 kai (eq. 5-4)
A, =t (d=2t.) -0.260 [12.34 — 2 (0.440)]

- 2.98 inz (Section 5-23)

V = 28.1(2.98) = 83.7 kips > 15.1 kips 0.K.
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Step 5.

Step 6.

rx - 5.21 in.

F- = .52

Z = 43,

px

KL /r
XX

KL /r

mx

1

in. < (AISC Manual)

fds X Zx = 51.1 x 43,1 x 1712 = 183.5 ft-kips

(eq. 5-8)
- 0.75 (Section 5-39)
= [0.75(17)12]/5.21 = 29
- [0.75(17)12]/71.52 = 101
- a r - r = e
12.85 kai for sz/ g = 10 and £ 36 kai
(Appendix A, AISC
Specification)
1.42(12.85) = 18.25 ksl for £, = 51.1 k=i
(2/r) (rd:)”2
- [1.07 - T ] Moy Mo (ea 5-47)
172
- [1.07 = {20821.52) (51.1) ] 183,5 - 140.6 < 183.5 ft-kips
3,160
. xglzz . 12n2(29.qq91 - 177.6 kst
23(ke, /v )2 23(29)° (Section 5-37.3)
23AF!
ex 23(8.79)177.6 -
- ey e SLLTLEil . 2,992 Kipe }
(Section 5-37.3)
- rqu e 51.1(8.79) « 449 kips (Section 5-37.3)
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———— -

P, = 1.TAF, ~ 1.7(8.79)18.25 « 273 kips (eq. 5-42)

g. cmx = 0.85 (Section 1.6.1, AISC
Specification)
Step 7. . Coi, Cayy .y
PO = m._. " Ti=p/P_M__ (eq. 5-44)
u ex’ ‘mx ey’ my
. 33.3 9.85(115) . 0.196 » 0.708 = 0.904 < 1

273 ' (7 = 53.572992)160.8

“ M

P x y <1
P, . S (eq. 5-45)
1.18M 1.18M
Po Mo Py
. 53.5 115 « 0.119 + 0.531 = 0.650 < 1 O0O.K.

449 * T.187183.5)

Trial section meets the requirementa of Secticn 5-37.3.

Example SA-3 (b) De=ign of Column

Required: Design of an exterior fixed-pinned column in a framed satructure for
biaxial bending plus axial load=s in a low pressure range.

Step 1. Given:

a. Preliminary design analysis of a particular column glves the
following v2lues at a critical section:

x
[}

311 ft-kip=

M = 34 ft-kips

o
.

76 kips
V = 54 kipa
b. Span length £ = 17'-3"

Unbraced lengths L, < 17'-3" and ly - 4'-0" (laterally sup-

ported by wall girts).

0.X.




c. A36 structural ateel

- ks
ry 36 ksl
c - 1.29 (table 5-2)
a=1.1 (Section 5-12.1)
rds ~axecx ry « 1.1 %X 1,29 x 36 = 51,1 kai (eq. 5-2)
Step 2.
3
S = M /f, = 311(12)/51.1 - 73.0 in
Try W 14 x 68 (S = 103 in3)
A = 20.0 1n2 Wt - 33.8
b/2t, = 7.0 < 8.5 0.K. (Section 5-24)
Step 3.
Py - Afy = 20.0(36) = 720 kips (Section 5-24)
P/Py - 767720 = 0.106 < 0.2}
art - [w27¢e.)"2] 11 = 1.u(prp )] (eq. 5-17)
w Y y
172
- [412/(36)'7€] [1 = 1.4(0.106)] = 58.5 > 32.9 0.K.
Step 4,
vp - rdvaw (eq. 5-196)
f4y = 0:55 £y = 0.55(51.1) = 28.1 ksi (eq. 5-4)
A, - tu(d - Ztr) « 0.415 (14,04 = 2(0.720)] = 5.23 1n2
(Section 5-23)
Vp = 28.1(5.23) = 147 kips > 54 kipa O.K.
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Step 5.

r_ = 6.01 i{nches

ry = 2,46 inches
f
z, - 115 in3 AISC Manual)
3
Z = 36.9 in
y 36.9
Step 6.
s M, = faaZ (eq. 5-8)

pr « 51,1 x 115 x 1/12 = 490 ft~kipa

M = 51.1 x 36.9 x 1/12 = 157 ft-kips

PY
b. Use K = 1.5 (Section 5-39)
My Lsgr.2s2 o,
r .01
x
ty | Lswootz
r 2.4
y
e Fa = 18.17 kai for K!.x/rx - 52 and ry « 36 ksi

1.42(18.17) = 25.79 ksi for fds - 51.1 ksi

M _ = pr = 490 ft-kips

mx
d. Mmy = pr = 157 ft-kips (Sectlon 5-37.3)
12w25 12:2(29.000)
Féx - 3" > = 55.2 kai
23(K£b/rx) 23(52) (Section 5-37.3)
2 2
12n E 127°(29,000) - 178 kel

F' Tl e it 1
ey 23(K!b/ry)2 23(29)2 (Section 5-37.3)




23Ry 23(20.0)55.2

Pex - and 5 - 2,116 kips (Section 5-37.3)
23AF!
. ey _ 23120.0)178 _ - B}
Pey 3 ¥ 6,823 kips (Section 5-37.3)
) &
Pp B rdak = 51.1(20) = 1,022 kipa %
- . #
P, = 1-7AF, « 1.7(20)25.79 = 877 kipa g
J'._'
s y - G - 0.85 (Section 1.6.1, AISC ¥ 3
= oY Specification) A
Step e g- S e cmx_rjl + me“i! i 1 (eq. 5-uu) i
Py (= P/Pex)me - P/Pey)Mmy €;
6, ___q (311) 0.85(34) ) E
877 =~ 7672116)490 *© (i = 7676,823)157 4
0.087 + 0.560 + 0.186 = 0.833 < 1 0.K.
<
- - - 5 - . 5-4
P/Pp “x/(‘ IBMPX) Hy/(l 18Mpy) 1 (ey. 5-45)

7671022 + 311/(1.18(490)] + 34/[1.180157)] =

0.U74 » 0.538 » 0.183 = 0.795 < 1 0.K.

e

Trial nsection meeta the requirements of Section 5-37.3

Problem S5A-5 Design of Open-Web Steel Joists

Prodlem: Analy=ls or design of an open-web jolat aubjected to a presaure-time
loading.

Proacedure:

Step 1, Eatabliah de=i>n parameters,

a. Presaure-time Curve

b. Clear span length and jolat apacing

A-22
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Step 2.

Step 3.

Step 4.

Step 5.

Step 6.

Q. Minimum yleld atreas ry for chord and web members
Dynamic increase factor, c. (table 5-2)
d. Design ductility ratio y and maximum end rotation, #.

e, Determine whether Jjolst design (s controlled by maximum end
reaction,

Select a preliminary joist si{ze as (ollows:
a. Assume a dynamic load factor (Section 5-22.3)

b. Compute equivalent =tatic load on Jjoiat due to blast over-
pressure

W, - DLF x p x b

(Dead load of jolst and decking not lncluded)
a, Equivalent service live load on joist

v, = w,/i.? xaxe (Section 5-33)

d. From "Standard Load Tablea" adopted by the Steel Joiat Inst{-
tute, =elect a Jjoist for the glven =2pan and the satructural
steel being used, with a safe service load (dead load of joiat
and decking excluded) equal to or greater than W

Check whether ultimate capacity of Jjoiat {a controlled by
flexure or by shear.

Find the reaistance of the Jjoist by multiplying the =afe service
load by 1.7 x a x ¢ (Section 5-33).

Calculate the atiffness of the jolst, Kp, using tabdle 3-8.
Determine the equivalent elastic deflection XE gl ven by,

XE - ruL/KE

Determine the effective masa using the weight of the jol=at with {ta
tributary area of decking, and the corresponding load-mass factor
given {n tadle 3-12.

Calculate the natural period of vibration, TN'

Follow proceuure outlined {n 6a or 6b depending on whether the jolst
capacity {s controlled by flexure or by shear.
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Step 6a.

Step 6b.

Step 7.

Joist design controlled by flexurae.

d.

Find ductility ratio p = xm/xE from the response charts {n
Volume III, u=si.ig the values o<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>